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ABSTRACT

Iterative protocols for adaptive routing in line and message

switched data communication networks are presented in this thesis.

The protocols have the following features:

»

)

Distributed computation is used in the sense that each node in

the network bases all its decisions on control messages received
only from its neighbors. Thus, each node in the network determines
individually onto which of its outgoing links to send the flow,
addressed to a specific destination. The control messages exchanged
between neighbors contain information about network connectivity,

network congestion and link failures.

Loop-free routing for each destination is maintained in the network

at all times. Generally, prevention of loops results in saving

-resources and reduction in delay. In addition, loop-free routing

establishes a partial ordering on the set of nodes of the network.

The latter property is extensively utilized throughout this work.

Failsafe and deadlock-free operation of the protocols is
guaranteed, meaning that after arbitrary failures and additions of
links and nodes, the network recovers in finite time. Recovery

means that routing paths are provided between all connected nodes.

For stationary input traffic statistics and fixed topology the protocols
are optimal. They reduce network delay at each iteration and minimum

average delay over all routing assignments is obtained in steady-state.




Proofs of all features ure provided.

The protocols are intended for quasi-static applications where the
input requirements are slowly changing with time and where occasionally

links or nodes fail or are added to the network.
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GLOSSARY OF NOTATIONS

NOTATION DEFINITION
N - number of nodes in a network.
* L - set of links in a network.
(i,k) - directed link from node i to node k.
ri(j) - average traffic entering the network at node i

and destined for node j.

f ' fik(j) - ;verage flow in link (i,k) of traffic destined
for node j.
f fik - total average traffic in link (i,k).
- f - the set of link flows. ;
t, (3) - total average traffic at node i destined for node j. ;
: % () - fraction of the node flow t;(j) that is routed through
link (i,k).
Cik - capacity of link (i,k).
Dik - average delay per unit time of all traffic sent over
link (1,k).
ur - total delay in the network per time unit.
1/u - average unit of traffic length.
Pik , - propagation delay in link (i,k).
Kik - nodal processing time in node k.
di(j) - estimated marginal delay of node i from destination j.
SINK - destination node.
: di - estimated marginal delay of node i from SINK.
bi - blocking status of node i.
n, - current counter number of node i.




NOTATION

MSG (m,d,b,2)
FAIL(Z)

WAKE (2)
Fi(l)

N (8)

D'ie
Di(l)

B, (4)

zZ, (%)
R; (%)
mx

CT

REQ(m)

C.y A,

SON

GLOoSARY OF NOTATIONS (Cont.)

DEFINITION

updating message sent by node 2.

failure detected on link (i,%).

link (i,2) becomes operational.

status of link (i,%) as seen from node i.

the number m received from neighbor 2 during the
current iteration.

estimated (or calculated) marginal delay on link (i,%).
sum of D'il and last number d received at i from
neighbor £.

blocking status of neighbor £ as known at i.

a synchronization number indicating the iteration
upon which the link (i,%) can be brought up.

status of neighbor & (being a son).

the largest number m received by i up to the

current time from all neighbors.

preferred son of node i.

a flag indicating the number of transitions the
Finite-State-Machine has already performed triggered
by the current message. -

request message destined for SINK to start an iteration
with counter number (m+l).

sets éf neighbors of node i.

set of all sons of node i.

a parameter.




GLOSSARY OF NQTATIONS (Cont.)

NOTATION DEFINITION

PC(m) - instant of occurence of proper completion of an
P mp

iteration with counter number m.

‘ RG - routing graph.

{ =

? Si, 82, S2,53 - states of the Finite-State-Machine.

f C1, C2 - changes performed in the Finite-State- Machine.

12,715,721, 7}
Y22, TZS,TZE, % - transitions performed in the Finite-State-Machine.

T32,T22,T23 J

5 - state of node i.




CHAPTER 1

INTRODUCTION

Many efforts have been and are devoted to the design and the

analysis of data communication networks, which provide the facility

of interconnection between a number of users for sharing resources
between them. This kind of networks includes time shared computer
systems, medical data networks, bank transaction systems, airline
reservation systems, multipurpose data networks, (e.g. ATE&T,

Western Union), large scale computer networks (e.g. the ARPA network -

Advanced Research Projects Agency), etc. [SCHW 72a].

Generally speaking, a data network consists of a set of users
(computers, terminals, displays, etc.)connected by a communication
subnetwork that is in charge with transferring data between the users.
In this work we will be concerned with the communication subnet. The
latter consists of nodes which exchange data with each other through
Aa set of connecting links. The nodes (IMP-in ARPA) are real-time
computers, with limited storage and processing resources, which perform
some basic functions, the main of which being to direct the data that
passes through them. The connecting links are some type of communication
channels of relatively high ban@width and reasonably low error rate.
The subnet topology design is usually one of the difficult problems in
the design phase. However, for the purposes of this work, we do not
consider this problem , and assume a general, geographically distributed

topology, in which each node can have multiple paths to other nodes.




Clearly, there must exist some set of disciplines governing the

flow of data between the users, between the users and the nodes, and

between the nodes themselves. In this work we are only concerned with
the rules used by the nodes to determine in which directions to deliver
the data traffic, from the source node to the destination node, namely

with the routing policy.

The complication of the routing problem in a network is commonly
a question of assumptions, formulations and goals, involved in it.
The more assumptions we make, it is expected the less complicated the
problem will be. However, the designer and the analyst certainly.wish
to make as few assumptions as possible. The formulation is probably

a matter of convenience, and the goals can differ in various problems.

In the next subsections we describe some network types, routing
policies and control schemes that are commonly used in data networks.
Also an outline of the following chapters is given and the contribution

of this work is emphasized.

L1 Network Types

Corresponding to any routing policy, twa basic types of networks

are in use or in development - the line or circuit switching

type, and the message or packet switched type. These two types are

distinct techniques for communication among the nodes of the subnet,

and any combination of the two is possible.




3 TG I Line Switched Networks

B R

In a line switched network [TYM 71], which 1s very similar to the
telephone network, the source and the destination nodes are connected
by one or more communication paths that are established at the
beginning of the connection, and are cancelled when the desired
connection is terminated or when the path is disrupted by failures.
In other words, the connecting.paths between the source and the destination
are dedicated before any data messages are transmitted from the source
to the destination through the selected path and exist for the duration
of the connection. In different routing strategies these paths may either
remain fixed until the connection is over, or be changed, but not cancelled,
during the existence of the connection. One version of the line-switching
strategy is ''virtual line-switching'" [TYM 71], where data is forwarded
according to the established paths connecting the source and the destination,
but messages correspon&ing to different connections are multiplexed together
on each link .and demultiplexed on the other end of the link. In this way,
the portion of the link capacity used by each call is varying according

to its momentary transmission requirement.

1532 Message Switched Networks

In a message switched network [MCQ 77], each message makes its own
way to the destination, and usually messages corresponding to the same
destination will travel on different paths which are not predetermined.
In this type of network, a message entering it, is first stored in the

source node until its time comes to be sent on an outgoing link to a




neighboring node. (The selection of the neighbor is exactly the routing

policy). Having been received by that node, it is stored again in a
queue until it is being sent forward to the next node. Thus the message
continues to pass links, and be queyed at nodes until it reaches its

destination.

Packet switched network is fundamentally the same as message switched
network, except that messages are split into a number of small segments

of maximum length called packets.

.28 Routing Policies Classification

Several classification schemes have been proposed to characterize
routing policies. The scheme we use is according to how dynamic the
policies are. On one end of the scale we have the purely static

strategies, and on the other end we have the completely dynamic ones.

Quasi-static strategies lie in between.

e I Static_Routing

In the purely static or deterministic situation, the set of rules
dictating the fractions of traffic with a given destination sent by a
node to each of its oufgoing links, is fixed. These fractions are decided
upon, under several criteria, before the establishment of the network, by
making various assumptions about the node and link locations, and the
capacities of the links. [FRAN 71, CHO 72, FRA 73, GER 73, CAN 74].

The decisions are fixed in time, and do not change. Static routing

strategies are non-adaptive in nature and lack the ability to cope with

changing network conditions such as failures of nodes and links and/or




changes in traffic requirements, and as such are too unreliable and
inefficient to be considered in practice for nontrivial size networks.
However, their simplicity makes them very attractive to use at the design

phase of the network.

1.2.2: Dynamic Routing

Completely dynamic routing strategies allow continuous changing
of routes as a function of time, as well as a function of the network
states such as traffic requirements, queue lengths and component failures.
They are thus supposed to be able to adapt to changing conditions in the
network. Dynamic routing is much more advantageous since it is adaptive.
However, it has some inherent drawbacks, the main o? which being that
it requires large amounts of overhead per message for purposes of adressing,

reordering at destinations etc.

1.2.3: Quasi-Static_Routing

Given the advantages and the drawbacks of each of the two already
described policies, naturally, one should try to devise policies that can
possibly acquire some of the advantages of both. Using a quasi-static
routing strategy is one possiblity, since it is adaptive in nature,
but the routes can not be continuously changed [GALL 77,SEG 77a,

SEG 77b]. In this strategy, changes of routes are allowed only at given
intervals of time, and/or whenever a need to do so arises because

extreme situations occur in the network, such as link and node failures

R — o : R T it
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or recoveries.The time intervals between routing changes should be

relatively long, so that most of the time messages are sent in order,
causing a serious reduction in the overhead needed, but they should not
be too long, otherwise, the inferior of the fixed rocuting would be

revealed.

In order to allow adaptivity, the quasi-static routing procedure
has to sense changes in the network status and in traffic requirements,
and then to route messages accordingly, for example, congested or damaged
port;ons of the network should be avoided. Adaptivity to failures
is of great importance in order to maintain a good grade of service for

the network.

1.3: Routiggzlnformation

Generally, adaptive routing strategies base their decisions on
measured values which describe the salient features of the network. In
completely dynamic strategies the values are measured continuously, and
actually are the instantaneous states of the queues at the outgoing links
of the nodes. In quasi-static strategies the varying values are
periodically measured, and consist of quantities such as the queues
at the links, traffic, or the status of the network. These measurements

are reffered to as routing information.
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1.4: Networks Control

Gathering the routing information, two main approaches exist to

conduct the routing procedures - the centralized control scheme and

the decencralized one, which is also known as distributed control.

1.4.1.; Centralized Control

- - - .-

In a centralized adaptive policy, the nodes collect the necessary
routing information for making the routing decisions, and send it to
a special node in the network, which is the central node or the governor.
Receiving the information, the central node has a global status picture
of the network, and can dictate its routing decisions back to the nodes
for actual use [TYM 71, BRO 75]. The decisions are naturally based

upon some criteria, in order to optimize the routing in the network

in some sense.

The centralized policy seems simple and straightforward, and has

some advantages, mainly due to the availability of global status

information at one place in the network. Since the computations needed

to make the dacisions are conducted only by the central node, the used

algorithms might be very sophisticated, and at the same time simple

to understand. It is possible to achieve several goals such as 'optimal"
routing, avoiding '"loops'" etc. Also the nodes in the network are relieved

of the troubiesome task to make routing decisions, so overhead is saved

at each node.




In practice, however, the centralized control scheme has several

drawbacks and inherent weaknesses. Should the central node, or the links
connecting it to the network, fail, or should some part of the network
become 1solated, then all or some of the network nodes remain without
routing decisions for actual use, and a part or the entire network cannot

operate anymore.

Another possible difficulty may arise when nodes or links fail. The
central node must be notified of such failures. However, the failed
components might lie on the paths, previously determined by the governor,

between the nodes trying to report the failure and the central node.

We also notice that since the central node conducts all the computations,

it is likely to be very heavily loaded.

Finally, the unbalanced demands on network link bandwidth, is a clear
drawback. Since routing information and decisions go to and from the
central node through its outgoing links, these links are heavily utilized,
when at the same time other links in the network might be bored.

Apparently, this may also limit the size of the network.

Of course, the simple centralized control scheme migh; be improved
in such ways that some of its weaknesses will be overcome. For instance,
the governor may have back-up centers, on stand-by, ready to take the control
of the network, whenever it fails. Eventually, there arises the problem of
..identifying which node is in control of which nodes. Such identification

is essential for proper work of any centralized control.

A natural way to overcome the fundamental weaknesses of the centralized

control scheme is to wonder why shouldn't all the nodes in the network be

Gt TE— T — a




""centers' and participate in the routing decisions. This leads us directly

to the distributed control scheme.

1.4.2: Distributed Control

Distributed adaptive control schemes have neither the inherent
inefficiency and unreliability of fixed routing, nor the unreliability
and size limitations of centralized control schemes. Here each node
needs to individually perform the necessary computations, and to make
the routing decisions in collaboration with its adjacent nodes called
neighbors. [STE 77, GALL 77, SEG 77a, MCQ 77]. It is usually done by

storing the routing information in routing tables at each node, and using

the tables to identify the output link each message has to select, for
each destination. The tables might be updated perigdically or only when
it matters (asynchronously) or any combination of both, by using the
routing information each node collects internally and receives from

its neighboring nodes.

In most commonly used distributed adaptive schemes, each node
estimates, by a certain procedure, the 'distance' it expects a message
would have to travel in order to reach each possible destination, if
the message is transmitted over each of the outgoing links, and stores
these estimates in the routing table. The 'distance'" is a measure, which
numerically expresses the quantity that the routing procedure is to minimize
in order to achieve the desired pefformance of the network, as defined at

the design stage.
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Each node in a network of N nodes has a routing table which is
typically composed of N-1 entries, one for each destination. Each entry
indicates the estimated minimal distance from this node to each destination
and also the next node the message must pass on its way to the destination,

along the minimal distance path.

The routing table of each node is updated as follows. Each node selects

the minimal estimated distance for each destination and sends these estimates
, . to each of 1ts neighboring nodes. Receiving these estimates, each node

constructs its own routing table by adding its neighbors' received

estimates, to its own estimates of distance to each of its neighhors. For

each destination, the routing table is then constructed to indicate the

selected outgoing link, for which the sum of the estimated distance to

the neighbor and the estimated distance from the neighbor to the destination,

is minimal.

Distributed routing schemes are not lacked of weaknesses. Since there

is no place in the network where global status of the network and its
topology are available, then temporary ''loops' may exist within the net- I

work, and also 1t becomes twofold harder to maintain failsafe operation

of the network.

) Routing Performance Evaluation

Any specific routing assignment algorithm is to achieve certain

goals, and to fulfill some criteria. It is to be simple, to adapt to
changes, tc converge to an accurate and stable routing assignment under

stationary conditions, and it is to optimize some cost functions.

m — . PO - S Shdcgin, i
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The cost function most commonly used to evaluate the performance of a
routing algorithm is the delay experienced by messages when traveling
through the network. The delay is composed of propagation delays,
transmission delays, nodal processing delays and queueing delays.
Clearly, the delay must be minimized for good grade of performance

of the algorithm.

Other criteria may be reliability, throughput, which are to be

maximized, and network cost which is to be minimized.

A number of algorithms have been proposed to achieve some of these
goals for static routing [FRA 73, GER 73, CAN 74], as well as for
centralized adaptive routing [BRO 75], and distributed adaptive
routing [STE 77, GALL 77, SEG 77a, NAYL 77]. Some of these algorithms

will be discussed presently.

l1.6: Contribution of this Thesis

In this thesis we develop distributed routing protocols which are
natural extensions of three known protocols introduced in recent papers
[GALL 77], [SEG 77a] and [SEG 77c]. In (SEG 77c] a failsafe distributed
protccol which maintains a single optimal route from each node to the
destination is developed. In [GALL 77] and [SEG 77a] quasi-static
distributed routing protocols which minimize the total expected delay
in a netwerk with fixed topology, are prcposed. The features of the above
protaéols are unified in our thesis, namely our protocols are both

distributed and failsafe and in addition they indicate the exact amounts

of fiow splitting, so that minimum average delay is obtained in the




network in steady-state.

1.7; Outline of Chapters

In Chapter 2 we present the protocols of [GALL 77] and [SEG 77a]
that provide the basis of the present work. A different presentation from
that in the references is used in order to facilitate the explanation of
our failsafe distributed protocols described in Chapters 3 and 4. In
Chapter 3 our protocols are described in detail, their properties are stated
and prooés for these properties are given in Appendix A and Appendix B.
The protocol is completed in Chapter 4 and Chapter 5 deals with a
simulation program, given in Appendix C, which was developed to check

the protocol of individual nodes. Conclusions are discussed in the final

Chapter.
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CHAPTER 2

ROUTING PROTOCOLS FOR FIXED TOPOLOGY

2.1 Introduction

In this chapter the routing protocols proposed by R.G. Gallager
in [GALL 77] and by A. Segall in [SEG 77a] are described. First, two
network models are presented and some definitions and equations are stated.
Then the protocols are described by using a different presentation than

in the above references.

2.2; The Models

2.2.1:  General Model

Consider a communication network consisting of N nodes denoted by
the integers {1,2,3,...,N}, and a set L of directed links. Let a
link from node i to node k be denoted by (i,k). An example is given

in Fig. 1.
Let us now define some symbols:

ri(j) = average traffic entering the network at node i and destined

for node j.
fik(j) = average flow in link (i,k) of traffic destined for node j.
fik = total average traffic in link (i,k), fik = § fik(j).

total average traffic at node i destined for node j.

t; ()
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°ik(j) = fraction of the node flow ti(j) that is routed through link
,k).

cik = capacity of link (i,k).

For later purposes, we shall use a special notation to indicate
that node k is a neighbor of i, namely that (i,k) ¢ L . The notation
will be FiLk) = UP. The reason for using this notation will become

apparent when dealing with topological changes in Chap. 3.

It is now possible to express the law of conservation of flew at
each node by various eduations. Different equations are used for line
switched and message switched networks, the reason being that the controlled
quantities are the flows of data for the former and the fractions of the

flow for the latter.

o
o
N~

Line Switched Network

The flows fik(j) must satisfy:

L £,0) - . £,0) = r,(G) for all i,j,i#] 2.1}
k:F, (k)=UP 2:F,; (2)=UP
2F j
£,0) =0 for all i,j,k, ifj (2.2}
£ix ™ Jl £,03) < Cyy for all (i,k) € L 2.3)
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2.2.3: Message Switched Network

The fractions ¢ik(j) must satisfy:

t. (Gl - t,(3)4,:0) = v, 31 (2.4)
i f.:Fi(_é)-UP gl 34

L#j
for all i,j, i#j

. 00128 ; I 4.0 =1 2.5)
Ak k:F, (k)=UP ik

for all i,j,k, i¥j

£, ° g t; (), G) < €y for all (i,k) e L (2.6)

In [GALL 77] it is proved that if for each 1i,j, (ifj) there is a
routing path from i to j which means there is a sequence of nodes
i,k,2,...,m,j such that %ik > 0, Orp > U5 ey ¢mj(j) > 0 then the set
of equations (2.4) has a unique non-negative solution for ti(j),

i=1,2,:..,N.

2 Delay

Let Dik be the average delay per time unit (seconds), of all
traffic sent over link (i,k). Explicitly, Dik is the average delay per
unit of traffic (bit, message, packet) multiplied by the amount of traffic

per time unit passing through link (i,k ). We shall assume that Dik is




only a function of the total flow of traffic fik transmitted through

link (i,k). Some of the consequences of this assumption are given in

[GALL 77].

The objective of the algorithms presented here is to minimize the
average delay per unit of traffic. However, since the total arrival rate
into the network is indepehdent of the routing policy, this objective
might be achieved by minimizing the total delay in the network per time

unit, which is given by:

D, = : D., (£.,1 : (2.7)
T G ,K]eZ ik ik
The quasi-static algorithms presently described perform this minimization
by iteratively changing the routing assignments, while keeping the flow

feasible at cach iteration.

It should now be pointed out that the algorithms do not require any
explicit knowledge of the functions Dik(') In [KLEI 64] it is shown that
under several assumptions the delay in steady state takes the explicit

fcrm

Dik i e g (2.8a)

Another more general well-known form, where propagation and nodal processing

times are taken into account, is given by [GERLA 77]:

; 1 :
Ou = Ful T o Pu * Kl s (2.8b)

where
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% is the average unit of traffic length; Pik = propagation delay in

link (i,k); Kig = nodal processing time in node k.

For the purposes of this work, it is enough to assume only the

following reasonable properties of the functions DikL-l:

- Dik is a non-negative continuous increasing function of fik’ with
continuous first and second derivatives. (2.98)
- Dik is convex U (2.9b)
= lém i Dy (£5,) = = (2.9¢)
ik “ik

D'.. (£.,) > 0 for all £ wh D! (f).iD}E
3 ik%ik oE jk» where D' . (£.,) = 37

Observe that the functions in 2.8 indeed have these properties.

2.4: Necessary and Sufficient Conditions for Minimum Delay

In [GALL 77] and [SEG 77a] necessary and sufficient conditions for

minimum delay, have been derived for message-switched and line-switched

networks, respectively. Here we only indicate their results.

ik (2.9d)




If for each (i,k) ¢ L, the functions Dik(fikl have the properties

given in (2.9), then a necessary condition for ¢-{¢ik(j)} to minimize
D.r over the set of ¢ satisfying (2.6) is that there exists a set of

numbers {2 ;G } such that

S;I;ZTT 2.10)

A sufficient condition to minimize DT is:

3DT BDT

DfexCEypd + T,O1 3%, 61 | (2.11)
for all i,j,k, i#j, (i,k)el

The last expression (2.11) has been shown to be equivalent to

aD. 3D,r
; D',  (£.,) + — - min (D', (f. ) + =——— 1} 30 (2.12)
ik ¥ ik ark ) q:(,qlel iq-iq arq(j)

for all i,j,k, i#j, (i,k)el

with equality for these i,k,j, such that ¢ik(j) is strictly positive.

The quantity aoT/ario') is the incrementgl delay caused by a small

increment in the input ri(jl and might be calculated as follows:

|
h“—._——‘ & i i i i A s s A e i S o . J




BDT oD,

v ; iy
o~ = )i 0., G)ID'. (£.,) + S, (2.13)
Briiii k:Fi(k)- UP ik ik~ ik 3rk255

2.4.2: Line Switched Network ;

Assume that the set of flows satisfying (2.1), (2.2), (2.3) is
nonempty, and let the functions Dik(fik) have the properties given in i
(2.9) for each (i,k)el . Then DT is minimized by the flows

f= {fik(j)}-if and only if there exists a set of numbers As{Ai(j)} i

such that {
j- AU E £,G) >0 |
D' Gyd + (61 < (2.14) .| &

g M) £ £,0)=0

for all i,j,k, i#j, (i.k)e L , where xj(j) = 0. Observe that if the
input flow ri(j) is increased by an incremental quantity dri(j) and
everything else is held fixed, then the minimum delay will be increased
by the incremental quantity Ai(j)-ﬁri(jJ. Therefore the coefficients

{Ai(j)} might be intepretated as marginal delays. 1

To have a common notation for line-switched and message switched
networks, it will be convenient to denote both BDT/Bri(J) in (2.13),

(2.14) and Ai(j) in (2.15) by a common notation. Therefore we shall use

di(j) to denote both the quantity aDT/ari(j) in the message-switched model

and Ai(j) in the line-switched model. Observe that di(j) is the marginal

node delay, while D'ik(fik) is the marginal link delay.

. e S ol i i dbinee,




2.5 The Protocols

2.5.1: Introduction

In this section the routing protocols converging to the minimum delay
are first briefly discussed. Then a formal presentation of the protocols
is given, which is someﬁhat different from that in [GALL 77] and [SEG 77a].
Here, the operations required by the algorithms at each node are summarized

as a Finite-State-Machine with transitions between states triggered by the

arrival of control messages. Control messages are sent between neighbors,

queued at the receiving node and processed on a first-come-first-served

(FIFO) basis. The processing of a control message consists of temporarily
storing it in suitable memory locations, followed by activation of the
Finite-State-Machine, which takes the necessary actions and performs the
appropriate state transitions. Some variables are used as conditions for
the execution of transitions, and their values might be changed by the

transitions.

For readers familiar with Gallager's algorithm, we note that we
introduce here a slight modification. In [GALL 77], the updating of the
quantities di(j)-BDT/ari(j) is performed while the protocol propagates
from each destination upstrszam in the network, while the timing of the
actual rerouting is left arbitrary. For later purposes, related to
topological changes, it will be convenient that we introduce already at
this point a certain sequencing for rerouting. Specifically, the update
of {di(j)} will be performed as before while the protocol propagatesupstream.
but now we will also have a propagation of the protocol in the downstream

direction, during which the nodes will actually change their routing.




2.5.2: Informal Description of the Protocol

el I R SIS

Considering the optimality conditions for the two models, the general
structure of the algorithms should be clear. A node i will have to increase
traffic destined for node j on links (i,k) with small marginal delay
D'ik(£ik) + dk(j) and to decrease traffic on those with large marginal

delay.

Obviously, in addition to the quantities dk(j) that it receives from
neighbors, each node i will need the marginal delay D'ik(fik) over each
of its outgoing links. D'ik(fik) can be obtained by node i by estimating
fik and using appropriate formulas for D'ik(fik). However, each formula
involves many assumptions, so node i should preferably estimate
D'ik(fik) directly. Such estimation procedures have been developed in
[SEG 77b], and from now on we assume that each node i continuously estimates

or calculates the marginal delay D'ik(fik) over each of its outgoing links

G,k).

We should also note here that the optimality conditions clearly

show that different destinations are not related, so that the protocols

may evolve independently from one destination to another. That is why
the protocols are presented for a given fixed destination j which is denoted

by SINK from now on.

Before proceeding,the following definitions are needed.




Son: For message switched network: All neighbors k of node i (namely

all nodes k s.t. Fi(kltup) with @ik(SINK] > 0 are called its sons

(see Fig. 2).

For line switched network: All neighbors k of node i (namely

all nodes k s.t. Fi(k) =UP) with fik(SINK) > 0 are called its sons.
In case that fik(SINK) = 0 for all neighbors k, then node i has
exactly one son; this is its preferred neighbor to which it would

send any flow destined for SINK if such flow comes in.

Father: Node k is a father of node i if node i is a son of node k.

Downstream node: Node 21 is downstream from node lq if there is a set of

nodes 2,,%5,...,% such that 2, is a son of zi’ for

q-1 1

i=1,2,...,(q-1). (see Fig. 2)

Upstream node: Node 21 is upstream from node 2q if node lq is downstream
from node 21. (see Fig. 2).

Loop: A set of nodes 21,22,...,2 ,2, form a loop if node 21 is both

q

upstream and downstream from node £_.

q (see Fig. 2).

We are now ready to describe the algorithms. Each node i in the
network has, for each neighbor k, memory locations called Ni(k), Di(k),
Bi(k) and R, (k). N, (k) denotes a flag which can take the value RCVD to
mean that a control message was received at i from k.'during the current
iteration, or the value NIL otherwise.‘ Di(k) and Bi(k) are kept for
storing of control messages received at i from k. Ri(k) dénotes an

indicator which can take the value SON to mean that node k is a son




Fig. 1: Nodes, links and inputs in a network.
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(1)"‘———)(:} d is a son of i.

} Fig. 2: Routing, sons and loops.




of node 1, or the value NIL otherwise.

In addition, node i keeps its estimated marginal delay d.1 to the
SINK and its routing variables ik (in message-switching) or fik (in

line-switching), for each neighbor k.

During the activity of the protocols , control messages are sent
between neighbors. These messages éontain the estimated marginal delay
d, of the sender %,to the SINK. The control messages are processed on a
FIFO basis at the receiving node. At first, the processor at the
receiving node, i say, identifies the sender,2 say, of the received
message, and rises its Ni(l) flag, i.e. sets Ni(l) = RCVD, then adds
to the received d2 the current estimated marginal delay D'il on link

(i,%2) and stores the sum in Di(Z).

Suppose now that there is a procedure which keeps the network loop-
free at all times. Each iteration of the protocols 1is started when
the SINK enters state named S2, aﬁd sends a message with dSINK = 0 to '
all its neighbors. Let us now restrict ourselves to an arbitrary node
i in the network and describe i£s activities during an iteration of the
protocols. The Finite-State-Machine for each node in the network is
given in Fig. 3. Generally speaking, a node i enters the state S2 when
it has received control messages from all its sons. At this time it
also updates its estimated marginal delay di and sends the updated di
to all neighbors except its sons. The return to state S1 is performed

when the node has received control messages from all its neighbors. 4

At this time the estimated marginal delay di is sent to the sons and

routing changes are performed at node i.
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Before proceeding to explain the updating of di and of the routing

variables W€ describe the procedure of keeping the network loop-free.

The concept of blocking introduced in [GALL 77] is needed here. Briefly,

if the flow from node i over link (i,k) (destined for SINK) is strictly
positive and dk 2 di’ then there is danger of producing a loop in the

next iteration of the algorithms. To avoid this, if because of the
constraints on the step-size involved in the algorithmS,node i is not

sure that it can rerovie all the flow on (i,k) in one step, then it declares
itself blocked, and so do all nodes upstream from it. It is shown in

[GALL 77] and [SEG 77a] that loops are not generated in the network if

the following rule is kept: The flow to a blocked node which is not a

son is not allowed to be increased from zero.

Updatiné of di is done when transition from state S1 to state S2
occurs. We denote this transition by T12. For the message switched net-
work di is calculated using formula (2.13). For the line switched network,
di is calculated as the minimum of all Di(k) received by i up to this
point from all sons and other nonblocked neighbors. In addition, when
entering S2, node i updates its blocking status so that any potential
loop will be prevented. Then it sends (the updated) <:1.1 and its blocking

status to all neighbors except soms.

While entering state S1, from state S2, namely when trans;tion T21
occurs, node i reroutes the flow (destined for SINK) in a particular way,
so that both convergence of the protocols to the minimum delay routing and
the loop-freedom property are insured. This is done by choosing a pre-
ferred son, through which the flow might be increased. Then the routing
variables are changed, di is sent only to sons and then the list of sons

is updated.




Notice that according to the protocols, the updating of the estimated

marginal delays {di} propagates from the SINK upstream and the rerouting
proper propagates downstream towards the SINK. Clearly, this procedure
is deadlock free if and only if there are no loops in the network. We

see therefore that maintaining loop-freedom in the network at all times is

essential to provide a natural sequencing in the network, in addition to

saving resources.

Notice also that transition of SINK from state S2 to state Sl
(remember the SINK enters S2 when starting an iteration) means completion
of the whole iteration by the entire network. The SINK is then allowed

to start a new iteration anytime, provided it is in state Sl1.

2.5.3: Formal Description of the Protocols

We are now going to display the formal protocols. First, we define
the variables used by the algorithms at node i, then the algorithms
performed by each node are displayed. At last, the algorithms performed

by SINK are presented.

Since the algorithms for the two introduced models are very similar,

we describe them simultanously and when applicable, indicate the differences.

Definition of variables:

The values a variable can take appear in parentheses.

i = node under consideration;

2 = the %-th neighbor of node i:(1,2,...,N);




T
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MSG (d,b,2) = control message received by i from neighbor i:(d=d2,

D'ii =
di(x)n

N, (2)=

Di(!?.)-l

Bi(i)-

RiLE)-

a parameter: (see Theorem 2.2);

estimated marginal delay of node i from SINK:(1,2,... );
blocking status of node i1:(0,1); O means not blocked; 1 means

blocked;

bsb,); |
estimated (or calculated) marginal delay on link (i,2):(1,2,...);
last number d received at i from neighbor £:(0,1,... );
flag: (NIL, RCVD); RCVD means a message has been received at i

from neighbor 2 during the current iteration;

;) + D'y, 102, ) :
blocking status of neighbor 2 as known at i:(0,1); O means not
.blocked; 1 means blocked;

status of neighbor £:(NIL,SON); SON means node £ is 2 son of i.

In the formal description of the actions done by node i, we need

the following sets of neighbors:

set of all nodes k such that Ri(k) = SON and all other nodes k
with Fi(k] = UP, Ni(k) = RCVD and Bi(k) = 0.
set of all nodes k such that Ri(k) = SON and all other nodes

with Pi(k) = UP and Bi(k) a 0,




I~

Ti2 T21
messages are received messages are received
from all sons from all neighbors.

Fig. 3: Finite-State-Machine for an arbitrary node (Basic algorithms) .




The Algorithms

(for each node i except SINK).

QOperations.D

(i.e. when t

from the que

Z
o
—

t

d.(2) « d;
D;(2) «d+

Bi(ﬂ«) <'b

RCVD;

he message processor at node i takes MSG(d,b,2)

ue and starts processing it).

3

LTE

EXECUTE FINITE-STATE-MACHINE.

Einite;State-Machine
STATE S1
T12: Condition 12: ¥k s.t. R; (k) = SON , then N, (k) = RCVD;
Action 12: For line switched network set
d; « min {Di(kl}; (2. 15)
k:kcci

For message switched network set

Cd, . 7 6:1°D, (K); (2.16)
b xRy (K)=SON it




B.1.3

Check of status: If for any k s.t.

Ri(k) = SON then {Bi(k) =1} or

{for line switched network
di(k} Py di & n[Di(k) - di] < fik; (2.17)
for message switched network
di(kladi & n[Di(k)-di]/ti<¢ik;} (2.18)

then set bi + 1; otherwise set bi « 0;
¥k s.t. Fi(k) = UP and Ri(k) # SON,

send (di,bi,il;

STATE S2 =

T21 Condition 21: 4k s.t. Fi(k) = UP, then Ni(kl = RCVD;

Action 21: Rerouting:

Calculate o= min {Di(kl}; (2.19)
k:keAi

let ko be any neighbor that achieves the
minimum in (2.19);
For line switched network:
If there is any node q s.t. Fi(ql with
fiq > 0, then for all neighbors keAi
do:
a, " Di(k) - a; (2.20)
cancel all outgoing links corresponding
to incoming links, that have been

cancelled by fathers. Let f'ik be the

remaining flows.

e — -




T

Aik = min{f'ik,n-aik}; (2.21)

SET NEW FLOW ($k s.t. Fi(k) s UP)

r

0 k£A.

1

ew .
£ix g APV keA; ,kek,
:Lf'ik* Z Aiknny new flow,k-ko (2.22)
keAi
k#ko

If £., = 0 ¥k s.t. Fi(k) = UP, then

ik
any new flow is routed through ko;

For message switched network:

if t, > 0, then for all neighbors

ke:Ai do:
a s Di(k) - a; (2.23)
by ® min{¢ik,naik/ti}; (2.24)

SET NEW FLOW: (7k s.t. Fi(k) s UP)

2
0 ktAi
new §
ik =905k - ik keA;  k#ky
b+ ) A, ksk_  (2.25)
Uik keAi ik (]
k#k,

if ti = 0, then set ¢.1k°=1 and
-k # ko set ¢ik' 0;

¥k s.t, Ri(k) = SON, send (di,bi,i);
¥k s.t. Fi(k) = UP, set Ri(k], = NIL;
Set Ri(_kol = SON; Set Ri(k) = SON
L = ew
-k s.t. F (k) = UP, kék and f?k > 0 (for
line switched network) or ¢'i‘§w >0 (for

message switched network);




B.2.8 ¥k s.t. F, (k) = UP, set Ni(k) = NIL;

This completes the description of the algorithms for all nodes in
the network except the SINK. The SINK performs the same operations as
all.other nodes and in addition, it can start a new iteration at any
time, provided it is in state S1, by going into S2 and transmitting

MSG(d=0,b=0,SINK) to all nodes k s.t. FSINK(k) = UP.

Einite:State:Machine for SINK
STATE S2
T21: Condition 21: ¥k s.t. FSINK(k) = UP, then NSINK(k)-RCVD.
522322_315 ~k s.t. FSINK(k) = UP, set NSINK(k) = NIL.

2.5.4: Properties of the Protggggg

The most important properties of the two quasi-static protocols

described before are:

(1) Distributed computation is used.
(2) Loop-freedom (for each destination) is maintained in the network
at all times.

(3) Convergence to the minimum delay under certain conditions.

The properties are rigorously stated in the following theorems,

whose proofs appear in [GALL 77], [SEG 77a]. 4




Theorem 2.1 (Loop-Freedom)

At all times, the flows to each destination are loop-free.

Theorem 2.2: (Convergence)

Let the input traffic into the network be stationary, and let the
topology of the network be fixed. Then under assumptions (2.2), there

is a sufficiently small value of the parameter n such that D_ converges

T
to the value of the minimum average delay over all routing assignments,

for any initial flow.

2.5.5¢ Initialization of the Protocols

Obviously, the protocols must be started with some loop-free flow.
The following starting rule is suggested in [SEG 77a]: When the network
starts operating, each node chooses its son to be the first node from
which it receives a control message. Thus an upstream relation is
established and the algorithms can continue as usual. This topic

is further discussed in the next chapter when addition of links to the

network is taken into account.




CHAPTER 3

ROUTING PROTQCOLS FOR NETWORKS WITH CHANGING TOPQLOGY

3.1: Introduction

The pfotocols described in Chapter 2,referred to from now on as
the basic protocols, can operate smoothly only when no topological
changes occur in the network and in that case, they gradual&y adapt to
changes in the traffic requirements. However, since nodes and
communication links occasionally f;il and recover in any pﬁfctical
network, the basic protocols should be expanded to handle arbitrary
topological changes, while éreserving the main propertieé of the basic
protocols. The protocols presented in this chapter are designed to
do so, independently of the number, timing and location of those
topological changes. These protocols are a natural extension of the
protocol of [SEG 77c] where a single optimal route was maintained from
each node to the destination. Essentially, the extra feature provided
by the ptesent protocols compared to the protocol of [SEG 77c] is to
indicate the exact amount of flow splitting so that optimal Lverage
delay is obtained in the network in steady-state. As such, our
resulting protocols, to be presented in the subsequent sections, have

all of the following properties:

(1) Distributed computation is used.

(2) Loop-freedom for routes for each destination is maintained at all

times.

(3) Recovery of the network in finite time from arbitrary number, timing
and location of topological changes. .

(4) If the traffic is stationary and the topology fixed for long enough

time, the network is brought in steady-state to the minimum delay routing.




In general, the description of these protocols follows the same
pattern as for the basic protocols. The main basic changes are that the

finite-state-machine contains more states and the control messages

contain more information. The entire extension is given in the

subsequent sections.

To analyse the protocols and validate their properties and correctness,
a technique introduced in [SEG 77¢] is used. According to this technique,
; j a special type of induction is used, that allows to prove global
properties while essentially looking at local events. The main proofs

¢ are given in the appendices.

The extension of the basic protocols is exactly the same for both
message and line switching. Consequently, in the informal.description
we do not distinguish between the two models, and return to do so only

in the formal description. In the last section of this chapter all

properties of the resulting protocols are formally stated in a series

of theorems, whose proofs appear in the appendices.

3.2 Informal Description of the Protocol

b e S0 5K Introduction

The operations to be performed by the algorithm at each node in
"normal" conditions, namely when no topological changes occur in the
network, have been described in the basic protocols. Here we first give
the general additions to the protocol and then the details are provided,

first for link failures and then for links becoming operational. We do

h i . . - . " St o et — - e A e ittt i




not pay special attention to topological changes caused by nodes, since
such changes might be perceived as the change of status of all links

connected to those nodes.

This protocol is still operating independently for each destination

and as before, we present it for a given fixed destination called SINK.

3.2.2° General Additions

For later purposes, there is need to number the interations of the
protocol with nondecreasing numbers as described below. Each node i will

have a node counter number n, which denotes the iteration number currently

handled by this node. All control messages transmitted by i will carry n,
in addition to di and bi, namely they will be of the form MSG(m,d,b,i)
with m=n,, d-di and babi. When a MSG(m,d,b,%) is received by node i on
link (i,2), then d and b are stored in Di(x) and Bi(i) respectively, as
dictated by the basic algorithms, and in addition there is also need to
remember the value of m. This value can be saved in Ni(£), which can now
take the values NIL, 0,1,2,...; instead of NIL and RCVD as for the basic
algorithms. For simplicity, the parameter % in MSG(m,d,b,2) is suppressed

from now on.

Generally speaking, after having received MSGQm,i,b) with a given

counter number m from all its current sons, node i updates its counter

number n; tom and effects transition T12 in the same way as for the
basic algorithms. Transition T21 is performed when the node receives

MSG(m,d,b) with counter number m from all its current neighbors.

SRS




In our extended protocols the SINK starts consecutive iterations
with nondecreasing counter number. If the SINK starts an iteration with

counter number m = n and completes it before starting a new iteration,

“SINK

we say that there has been a proper completion. We denote the time of

proper completion of an iteration with number m by PC(m). In this
case, the SINK is allowed to start a new iteration with the same counter

number.

To handle topological changes, there are situations that the SINK
must increase the iteration counter number. The protocol allows it to
do so at any time, whether the previous iteration was completed or not.
(Notice that in any case the values of Ngrnk 2T nondecreasing with time).
As proved later, if a new iteration is started while increasing NoInk? it

will eventually cover all previous iterations.

There are several possible ways to insure that the SINK increases
its Mgk (and starts an iteration with this number) finite time
after need arises. These possibilities are described in detail in Chapter
4, but for the purposes of this‘chapter it 1s enough to assume that such
an algorithm indeed exists. The formal assumption is given in Assumption

A in Section 3.4.3.

3.2.5: Handling Failures of Links

We now turn to describe the algorithm for a node i that discovers a
failure on one of its incident links. We assume here (see formal assumptions
7,9, in Section 3.3.2) that whenever link (i,%) fails then link (2,i)

fails at the same time, but the nodes i and % may discover the failure




W

at different instants. However, if i discovers a failure on(i,2), it

cannot bring the link up before 4 discovers the failure too.

There are three typical situations to be distinguished. First,
the case when the node has only one son and discovers a failure on the
link to this son. Second, the situation when the node has more than
one son, and the failure is discovered on the link to one of its sons.
Third, the case when the failure occurs on a link to a neighbor that is
not a son. In all these cases, the first action node i takes when
discovering a failure on link (i,2) is to set Fi(i) = FAIL, thus
indicating that node £ is not a neighbor any longer. Now, the role
of Fi(x) becomes apparent. Ficz) indicates the status of link (i,%)
as seen from node i. Fi(l) = UP means that the link (i,2) is under
normal operation, namely that 2 is a neighbor of i. Fi(z) = DOWN
means that the link (i,2) is unoperational. Fi(z) can also take the
value READY whose use will become apparent when dealing with links

becoming operational.

Single Son

If node i has only one son,% say, and link (i,&) fails, then
node i loses its only route to the SINK. In addition, some nodes
upstream from node i lose one or more of their routes to the SINK.
However, all those upstream nodes are unaware of this fact at the
time the failure occurs. For instance (see Fig. 4), if link (6,1)
fails then nodes 6,8,5,9 lose all their routes to the SINK and nodes

4,7 and 10 lose one of their routes to the SINK. Furthermore, if an




1teration is started by the SINK, node 6 will never be able to receive

a control message from node 1, and therefore, node 6, as well as nodes
4,5,7,8,%2 and 10, will never be able to perform T12. The extentions to
the basic algorithms provided here are designed to allow the network to
recover from this situation, namely to provide alternate routes to nodes
that have lost their only route to the destination and to allow the
other affected nodes to continue their normal operation This and the

next subsections indicate these actions.

Two actions must be taken by the extended protocol. First, to inform
the nodes upstream from node i not to wait for control messages from
their sons that are on the failed routes, and also to notify them that
the routes do not exist any longer (e.g. in Fig. 4 node 8 should be
informed that the path 8,6,1, SINK does not exist any longer). Second,
to allow node i (and possibly its upstream nodes that lost all their
routes) to choose a new son whenever control messages of new iterations

will be received. This features are described presently.

Whenever a node i discovers a failure on link (1,%), where 2 is its
only son, it sets Ritz) = NIL and di = » to mean that 2 is no longer its
son and that its marginal delay to the SINK has become infinite. Then
node i generates a special control message, MSG(ni,d=w,bi) which is
sent to all neighbors of i except £; if a node k receives such a message
from its only son, q say, then it performs similar operations, namely it
sets Rk(q) = NIL, dk = » and sends MSG(nk,dzw,bk) to all its neighbors
except node q; if a node receives such a message from a neighbor that is
not a son, it stores it but no other action is taken; the case when the

node has more than one son and such a message 1s received from some son




is discussed in the next subsection. When a node i establishes

Ri(i) = NIL for its single son and di = =, it also enters state S3.

A node that enters state S3 must select a new son, thus establishing
a new route to the SINK. This procedure is the second part of the recovery
and is called reattachment. The reattachment takes place if one of the
following two situatioms occurs. One possibility is when a node i in state
S3, (and hence with no sons), receives a control message MSG(m,d#=, b)

from & say, with m > n,. Then node i knows that this message was generated

by an iteration started after the failure that caused its entrance to

D —

state S3. A second possibility is that such a message has already been
received at i from & at the time i enters state S3. The reattachment

consists of setting Ri(l) = SON, going to state S2 and effecting the same

P

operations as in T12. This, together with other procedures to be presented,

guarantees that if any number of failures occur, and if the SINK

really starts an iteration that cover all these failures (as we assumed)
i.e. an iteration with counter number that was not the node number of any
of the nodes detected the failures while detection, then each node
physically connected to the SINK will eventually have at least one route
to the SINK. Furthermore, no loops are generated by the reattachment
procedure, a property that is stated in Theorem 3.1 and proved in

the appendices. .

More than one Son

If node i has more than one son and a failure is discovered by node
i on link (i,%) connecting it to one of its sons, £ say, or if node
i receives MSG(m,d=~,b) from &, then node i knows that 1ts route to

the SINK passing thourgh 2 has been destroyed (e.g. failure on link (4,5)
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in Fig. 4 detected by node 4). Naturally, Ri(k) must be set to NIL

to indicate that % is not a son any longer, but no transition should

be performed and no special action is to be taken, since node i still
has other sons. . This is accomplished by introducing Cl1 (and later also
Ci) into the Finite-State-Machine, in which the only action taken is to
set Ri(z) = NIL, while staying in the same state. However, if node i
is in state S2, it is necessary to prevent T21 from happening at this
node for the current iteration, the reason being that this will prevent
nodes from updating their routes based upon information which is
invalidated by the failure, We rather explain the last sentence. While
entering state S2 node i calculates its marginal delay d; to the SINK
and determines its blocking status bi' Suppose that while being in S2,
the link to the node that the calculatijion of di was based upon, fails.
Then there is a danger that its blocking status bi is incorrect. There-
fore, if T2l will be performed, a loop might be generated - a situation
we must avoid. Another important reason is that prevention of T2l from
happening will also preclude proper completion from happening. Thus,
proper completion will now indicate to the SINK that the iteration was
completed without failures interfering with the process. Prevention cf
T21 is accomplished by introducing an additional state, Sé, into which
a node enters if it has more than one son and either detects a failure
on a link connecting it to one of its sons, or receives MSG(m,d==,b)
from it, while being in state S2. A node i will leave Sé whenever it
receives new control messages from all its sons. To be more specific,
node i leaves Si by either going to state S3 in case a failure is sensed

n its single route to the SINK (as we have already described), or going

to state S2 when receiving MSG(m,d#~,b) of a new iteration, i.e. m > n.,




from all its sons, and in this case it effects the same operations as

in TI2.

The intention of the part of the aigorithm described in the last
two subsections is, to enable upstream propagation of the knowledge of a
failure qccurrgnce.All nodes that are upstream from the failure are
informed that they cannot send any flow through the failed routes. In
addition, neighbors of the nodes that have lost all their routes to the

SINK, are informed not to choose these nodes as their sons.

Clearly, in addition to all the above operations, each node that
has lost one of its sons should stop the flow to that son, transmit it
through its remaining sons, if it still has any, and modify its routing
variables correspondingly. The question of how should the node distribute
the flow between its remaining sons is immaterial for the purposes of our
work: This is because a failure usually causes dramatic changes in the
routing variables, thus in the total delay, so the exact distribution
is unimportant in our quasi-static algorithm that allows only fine
changes. We may assume that it is done in some way that insures that
the capacity constraints are not violated. Another open question is
what should the node do with the flow if it has no route to the
destination. In this case we may assume that it stores the flow until

it establishes a new route, if it can, otherwise, it rejects it.

Failure of a neighbor that is not a son

Up to now we have described the algorithm for a node i discovering
a failure on a link connecting it to one of its sons. If failure occurs

on a link to a neighbor which is not a son, (e.g. link (6,3) in Fig. 4),

o e o



then no route is disrupted, so no special action is needed. However,
for reasons explained in the previous subsection, 1f the failed link is
connected to a node in state S2, it is convenient here also to prevent
T21 from happening at this node for this ;teration. Consequently, a
node enters Si whenever a link to nonson fails while the node is in

state S2. The procedure of leaving S2 has already been described.

The protocol as described up to now is implemented by the algorithm
3 in the formal description given in Section 3.3.3 if ignoring steps A.2,
A.2.1 - A.2.4, A.3.1, B.1.7, B.2,8, B.8.8. These steps relate
mainly to links becoming operational and will be discussed in the
subsequent section. The notations used here are similear to those in
chapter 2. A summary of these notations is given in Subsection 3.3.1.
& There, the variables used by the algorithm performed by an arbitrary node
i as its part of the protocol, are given. Fi(l) denotes the status of
link (i,2) as considered by node i, namely Fi(l) = UP if 2 is considered
operational and Fi(z) = DOWN if & is considered unoperational. Fi(l)
can also take the value READY, whose use will become clear when dealing
with the problem of links becoming operational. At that time the role
of zicz) will also become apparent. The variable mx  stores the
value of the largest counter number m of all messages MSG(m,d,b) received
by node i from all its neighbors.CT plays a role of a flag indicating
the number of transitions that have already been performed by the
Finite-State-Machine, triggered by the current message, 0 will mean zero
transitions, 1 will mean one or more transitions. The rest of the
variables and their use were already described. The link (local) protocols

controlling the operations of the links connected to node i may relay to

the algorithm performed by node i three types of messages. MSG denotes an
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updating message, FAIL(2) denotes the detection of the failure of link

(i,2). The remaining message WAKE(R) is described later.

To give here a short summary, remember that states S1 and S2 and
transitions T12 and T2l are similar to those described in the basic
algorithms. State S3 denotes the situation where a node i has Ri(k)sNIL
Yk §.t. Fi(k] = UP which results from receiving FAIL or MSG with d = =
from a single son. State SE denotes a state similar to S2, but from
which a transition T21 is not allowed. As previously described, a node
goes to such a state Si if while at S2, either a FAIL or a MSG with d = =
is received from a nonsingle son, or if a FAIL is received from a nonson
neighbor. Transition T22 is performed by node i when control messages
MSG(m,d,b) with m > n, are received from all its sons. The operations
effected in T22 are the same as in T12. Cl and Ci are not transitions. In
Cl and Ci, the action that is takén is to cancel one route to the SINK

while being in state S1 and state S2, respectively (see Fig. 5).

3.2.4: Handling Links Becoming Operational

- it B - - - - - - - - . - -

If link (i,%) is down, namely Fi(&) = F£(i) = DOWN, and it becomes
operational, nodes i and % should coordinate the necessary operations
to bring the link up. Otherwise, a deadlock can occur. For instance,
suppose node i sets Fi(l) = UP while at state S2 and node % sets F1(1) = UP
after performing T21 of the same iteration. In this case, node i will
not perform T21 until receiving a control message from node 2, and such
a message will not be sent because % has already completed this iteration,

i.e. deadlock.
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Fig. 4: Network example (with loop-free routing).

H denotes k is a son of i.




The coordination is achieved by having both nodes bring the link up

just before siarting to perform their part of the same new iteration. This

is done as follows: When nodes i and % sense that link (i,%) becomes
operational, they compare their node counter numbers, n, and ng, via

their linku(local) protocol, and decide to bring up the link when starting
to process the first iteration with a number strictly higher than max(ni,ni).
This fact must be remembered at the nodes and it is done be setting the
memory locations, zi(z) at i and Z (i) at 2, to max{ni,nl}. Clearly,

{Zi(k)} are memory locations kept at i for each possible neighbor k of i.

In addition to the above operations, nodesi and k also set Fiti) and

Flti) to READY, and Ni(l) and Nz(i) to NIL. In order to bring the link up,

there is need that the SINK will start an iteration with n larger than

SINK
zi(z) (and Z£(i)). By the assumption we made in Section 3.2.2, such an

iteration is indeed started in finite time.(See also Assumption A in Sec. 3.4.3)

The execution of the first step of the coordination. at node i is
triggered by a special control message - WAKE(Z) given by the link (local)
protocol to the algorithm at noe i (and similarly WAKE(2) is delivered to
the algorithm at node 2). The actions performed by the algorithm when
receiving such a message are described in A.2, A.2.1 - A.2.4 in the
formal description in Section 3.3.3. This synchronization assumes that
the execution Pf WAKE (2) and WAKE(i) are simultaneously started at nodes
iand 2 respe&iively, in order to guarantee that Zitz) = thi)- However,
it may happen that a failure occurs again on the link and one cf the nodes
succeeds to complete the synchronization while the other node does not.
The protocol allows for such a situation and only requires that the link
protocol ends the synchroniation (successfully or unsuccessfully) within

"finite time. If the synchronization is unsuccessful, no action is taken b5y




the node, and the link will remain DOWN from this node's point of view.

Section 3.3.2 gives a more formal and complete list of the requirements

that the link (local) protocol should satisfy.

The link (i,2) is finally brought up by node i, namely, Fi(L) 1s
set from READY to UP, when node i receives MSG from link (i,~), or

when the node counter number n, becomes larger than Zi(x).

3.2.5¢ The Algorithm'for the SINK

- - - - - ———— -

The algorithm for the SINK is similar to that for an arbitrary node

-

, except that the SINK does not need to keep the following variables:

- RSINK(L) (which 1s not defined for the SINK, since it has no
sons).

- dsINK (yhich_is 0 by definition for the SINK).

- bSINK (which 1s 0 by definition for the SINK, since it
has no sons).

= DSINK(ZI (which is only needed to update dSINK and RSINK(Q))

- MXg 1NK (nSINK 1s always the largest update counter number).

- zsrnx(l) (during WAKE synchronization ZSINK(2) 1s always set

to ngrng * max{nSINK,nx}.)

In addition, the SINK can start a new iteration at any time, by gcing
to state S2 and sending MSG(nSINK,d=0,b=0) tc all 1its current neighbors,
provided that the last iteration was propertly completed. Moreover, whea

necessary, the SINK increments its n and starts a new iteration as

SINK




described above, even if the last iteration was not properly completed.

We have seen that there is need to increment n and start a new

SINK
iteration whenever a topological change occurs in the network. The
exact details of how this can be actually done in a distributed way are

provided in the next chapter.

In the algorithm for the SINK, states S1 and S2 are similar to the
corresponding states of the algorithm for an arbitrary node i. However,
for the SINK, S1 means that the last iteration was properly completed,
and S2 means that the last iteration is not yet completed. TI12 and T22
represent the starting of a new iteration and T2l represents proper
completion (see Fig. 6). For the SINK there is no need for states
equivalent to S3 and Si of the algorithm for an arbitrary node because
whenever the SINK detects a topological change it starts immediately a

new iteration while incrementing ng .-

2.6 Initialization of the Protocol

- - - . - - -

A node i comes into operation in state S3, with node counter number
n, = 0, and Ri(k) = NIL, Fi(k) = DOWN for all k. The value of the
remaining variables is immaterial. ﬁ;om this initial conditioms, the
link (local) protocol may try to wake the links and it proceeds
operating as defined by the algorithm. The SINK comes into operation

in state S1, with n 0 and F K(k) = DOWN for all k, and proceeds

SINK - SIN
according to the algorithm for the SINK.




3.3: Formal Description of the Algorithms

3.5.0: Introduction

We are now ready to display the formal algorithms performed by each
node i in the network. As for the basic algorithms,éwe present here the
algorithms for the two models (message switching and line switching)
simultanously and indicate the differences when applicable. The presentation
here follows the same lines as the basic algorithms. In addition, in
Section 3.3.2 we provide the exact requirements from the local (link)
protocol. The '"Facts" given in the ilgorithms are displayed for helping
in their understanding and are proven in Theorem 3.2 of Section 3.4.3.

A Fact holds if the transition under which it appears is performed.

Definitions of variables

The values a variable can take appear in parentheses.

[N

= node under consideration.
2 = the 2-th neighbor of node i: (1,2,...,N):

n = a parameter: (see Theorem 2.2);

n, = current counter number of node i:(0,1,2,...);

.
"

estimated marginal delay of ncde i from SINK: (1,2,...,*);

o
| §

blocking status of node i:(0,1); O means not blocked; 1 means

blocked;

The processor at node i may receive the following types of messages related
to each link (i,%):

MSG(m,d,b,2) = updating message received by i from lz(m-nz,d=d2,b=b1);

FAIL(L) = failure detected on link (i,R2);




WAKE (4)

= link (i,2) becomes operational, i.e. messages can be sent

through it;
now continue the list of variables:

status of link (i,2) as seen from node i:(UP, DOWN, READY); UP
means the link is operational; DOWN means the link is unoperational;

READY means the link is ready to be brought up;

NiLL) = the number m received from neighbor & during the current
iteration: (NIL, 0,1,...);

D'iz = estimated(or calculated) marginal delay on link (i,%4): (1,2,...);

dl(z) = last number d received at i from neighbor 2:(0,1,2,...,®);

Di(z) = diil) + D'in: (1,2, 55915

Bi(;) = plocking status of neighbor % as known at i:(0,1); O means not
blocked; 1 means blocked;

Ri(i) = status of neighbor 2:(NIL, SON); SON means node 2 is a son of i;

zi(i) = a synchronization number indicating the iteration number upon which
the link (i,2) can be brought up, i.e. changed from READY status
to UP status:(0,1,2,...);

mx, the largest number m received by node i up to the current time
from all neighbors:(0,1,2,...);

cr = a flag indicating the number of transitions the Finite-State-
Machine has already performed triggered by the current%message:
(0,1); O means zero transitions; 1 means one or more
transitions.

In the formal description that follows, we will need to refer from
time to time to certain sets of neighbors. To save space, we define those
sets here:




€. = set of all nodes k s.t. Ri(k) = SON and all other nodes k with
F.(k) = UP, Ni(k) = mx, and Bi(k) = 0.
A = set of all nodes k s.t. Ri(kl = SON and all other nodes with

Fi(k) = UP and Bl(k) = 0.

3.3.2: Properties Required from the Local Protocol

On each link of the network there is a link (local) protocol that
is in charge of exchanging messages between neighbors. Our main algorithm

assumes that the following properties hold for the local protoccol:

1. All links are bidirectional (duplex).

B DR > 0 for all links (i,k) at all times. (See (2.9d))

ik
If a message is sent by node i to a neighbor &%, then in finite

w

time, either the message will be received correctly at 2 or
Fi(zl =.F2(il = DOWN. Observe that this assumption does not
preclude transmission errors that are recovered by the local protocol
(e.g. '"resend and acknowledgement').
4, Failure of a node i1s considered as failure of ail links connected
to it.
5. A node i comes up in state S3, with n; = 0, Ri(k) = NIL and
Fi(k] = DOWN for all links(i,k).
6. The processor at node i receives messages from link (.,2) on a first-
in-first-served (FIFO) basis.

7. A link (i,2) is said to have become operational as soon as the local

protocol discovers that the link can be used. Links (1,2) and (£,i)

become operational at the same time and subject to the foilowing




10.

restrictions,a WAKE ''message' is delivered in this case to each

of the processors i and &.

WAKE (2) can be received at node i only if
(a) node & receives WAKE(i) at the same(virtual) time;
(b) there are no other outstanding messages on link (i,2) and
on (£,1);
() Ficzl = F, (i) = DOWN.
1f FiCE] = DOWN, the only message that the processor at i can
receive from & is WAKE(Z).
(a) 1f Fitz) # DOWN and Fl(i] # DOWN and Fi(x) goes to DOWN, then
Fz(i) goes to DOWN in finite time.
(b) If Fitz) = Fz(i] = DOWN and Fitl) goes to READY, then in finite
time, either Fl(i) goes to READY or Fi(E) = Fz(i) = DOWN.
When two nodes i and % receive WAKE as described in 7, a
"synchronization' between i and 2 is attempted. At either end the
synchronization may or may not be successful (the latter because
of a new failure). If it is successful, the node proceeds as in
Step A.2 of the formal description. If not, then no action is

taken.




Fig. §: Finite-State-Machine for an arbitrary node (Extended

algorithms) .
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Fig. 6:

Finite-State-Machine for the SINK (Extended algorithms).




o Formal Algorithms

- - - ——-

(For each node i except the SINK).

A. Operations_Done_by_the Messag

(i.e., when the message processor at node i takes the message from

the queue and starts processing it).

A.1 For FAIL(2)

A.l.1 F,(2) « DOWN;
A.1.2 CT + 0;

A.1.3 EXECUTE FINITE-STATE-MACHINE.
A.2 For WAKE(L)

(Fact: Fi(ﬂ) = DOWN, see 7 in Section 3.3.2)
A.2.1 wait for end of WAKE synchronization, (see 10 in Section 3.5.2) 1f
WAKE synchronization is successful, then
Ro2.2 Zi(zl « max{ni,nl};
A.2.3 Fi(ﬁ) < READY;

A.2.4 Ni(l) <+ NIL.

A.3 For MSG (m,d,b,2)
A.3.1 if Fitz) = READY, then Fi(ﬁl <« UP (Fact: m > Zi(j));

A.3.2 N, (2) < m;
R:3.3 d; () « d;
A.3.4 D; (&) «d + D';p5

Aed.S 81(2) « b;

A.3.6 mx; « max(m,mxi);




S
A.3.7 CT « 0;
A.3.8 EXECUTE FINITE-STATE-MACHINE
B.  ENITE:STATE-MACHINE
STATE Sl
Bol.1 T12 Condition 12: Yk s.t. Ri(k) = SON, then Ni(k)=mxi,
D; (k) # = and Fi(k) = UP;
Bl 2 CT = 0
; i Bals Fact 12 If MSG, then m > n,.
; B.1.4 Action 12 For line switched network set
E
l d; «+ min {D,(K)}: (3.1)
k:kaCi
For message switched network set
!
oo k:RiU%)--SCN h s
Boles | Check of status: If for any node k

8.t Ri(k1=SON then {Bi(k) = 1} or
{For line switched network
di(k) 3 di & n[Di(k)-di] < fik; (3.3)

For message switched network

d. (k] > d.

i i § n[Di(k)-di]/ti < oik;} (3.4)

then set bi « 1; otherwise set bi + 0




B.1.6 A o3 o
nz mxl, {

BLE.7 Yk s.t. Fi(k) = READY and n, > Zi(k),

set Fi(k) < UP and Ni(k) < NIL; i
B.1.8 ¥k s.t. F, (k) = UP and R, (k) # SON,

send (ni’di ’bi F0)

B k.9 €l « 1

B.2.1 T13 Condition 13: Ricz) = SON;

B.2.2 Yk #2s.t. F.(k) = UP, then Ri(k) = NIL;
B.2.3 MSG(m,d = =,b,2) or FAIL(L);

B.2.4 CT=0

B.2.5 Fact 13: If MSG, then m > n,.

B.2.6 Action 13: di + =,

B.2.7 If MSG, then n, <m;

B.2.8 ¥k s.t. Fi(k) = READY and n, > Zi(k),

set Fi(k) < UP and Ni(k] « NIL;

B.2.9 ¥E st Fi(k) = UP and Ri(k) # SON,
send (n;,d;,b;,i);

B.2.10 RiU.l < NIL;

Beowil Cancel the flow to node & and modify the
routing variables by setting ¢ig ™ 0 (for

message switching) f“ = 0 (for line

iw_itching) 3

B.2.12 T = 1. 4

§
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B.3.1

B.4.1

B.4.

o

B.4.3
B.4.4
B.4.5

B.4.6

B.4.7

B.4.8

B.4.8.1

B.4.8.2

B.4.8.3

Cl Condition 1: Ritl) = SON;
2k # 4 s.t. Ri(k) = SON and Fi(k) = UP;
MSG (m,d = =,b,2) or FAIL (2);
CT =0
Action 1: Ri(l) <« NIL;
reroute the flow to node 2 while arbitrarily
redistributing it through the remaining sons

and modify the routing variables correspondingly.

STATE S2

T21 Condition 21: ¥k s.t. Fi(k) = UP, then Ni(k) =0, = mx;.
aksAi St Di(k) 3 di;
If CT = 0, then MSG;

¥k s.t. R (k) = SON, then D, (k) # =.

Fact 21: di #F o
Action 21: Rerouting;
Caclculate a=min (Di(k)}; (3.4)

k:keA,
b 1
let ko be any neighbor that achieves the
minimum in (3.4).
For line switched network:
If there is any node q s.t. Fi(q)-UP
with fiq > 0, then for all neighbors
ked, do:
&
aip = DiLkl -
cancel all outgoing links corresponding

to incoming links that have been cancelled

by fathers; let f'ik pe the remaining




B.4.8.4

B.4.8.6

B.4.8.7

B.4.9.1

B.4.9.2

B.4.9.3

B.4.9.5

B.4.10

B.4.11

i S 1 ¥
80 " min{f LR

SET NEW FLOW (%k s.t. Fi(k) = UP)

.0 k £ Ai
new _ o, ’
f.k £ ik Aik keAi,k#ko
AT kz b, *any new flow
4 eAi
k#k° k-ko
if £, = 0%k s.t. F,(k) = UP, then
any new flow is routed through ko.
For message switched network:
If t, > 0, then for all neighbors
keA. do:
9
a;y = Di(k) -a;
by = min{¢ik,naik/ti};
SET NEW FLOW (7k s.t. F; (k) = UP).
0 k¢Ai
Jgew . )
%k =%k - Ak keds ki,
cloaw ¥ B k=k  ;
1k kéAi ik o’
k#ko

15 ti=0, then set °ik° = 1 and
+k # ko 8. t. Fi(k) = P, set L 0;
2k s.t. Ri(k) = SON send (ni,di,bi,i);
¥k s.t. F, (k) = UP, set R, (k) « NIL;
set Ri(ko) + SON;
XKk s.t. k # k, and f’i‘:w > 0 (for line
new

switched network),¢ik > 0 (for message

switched network), set R, (k) « SON;




- 65 -
B.4.12 =k s.t. F (k) = UP, set N; (k) < NIL;
B.4.13 er =1 !
B.5.1 T22 Condition 22: %k s.t. R;(k) = SON, then N, (k) = mx; > n,, ‘
%

Di(k) # » and Fi(k) = UP;

B.5.2 T =0
B.5.3 Action 22: Same as Action 12.
B.6.1  T22 Condition 22: Either same as Condition 1 or

Fail (2) s.t. R;(2) # SON;

B.6.2 CT=20
B.6.3 Action 25: Same as Action 1 and in addition set CT <« 1.
B.7.1 T23 Condition 23: Same as Condition 13.
B.7.2 Fact 23: Same as Fact 13,
B.7-3 Action 23: Same as Action 13.
STATE S3
B.8.1 T32 Condition 32: 3k s.t. F (k) = UP, mx; = Nj(k) > nj, j
Di&)# ®, ‘
B.8.2 Fact 32: di = Lk s.t. Fi(k) = UP, then Ri(k)=NIL.
B.8.3 Action 32: Let k* be a node that achieves
min {Di(.k)_};
k:Fi(k)=UP
Ni(k)-mxi
B.8.4 If Bi(k*) = 1,then bi * 1z
B.8.5 Ri(k*) + SON;
|
B.8.6 n, € omxg;
B.8.7 di = Di(k*);




C.2

B.8.

B.9.

C.1.

C.1.

C.2.

8

B.8.9

B.8.10

B.8.11

B.8.1

2

B.10.1
B.10.2
B.10.3
B.ll.1

B.11.2

(8]

vk s.t. Fi(k) = READY and n, > Zi(l)

set Fi(k) < UP and Ni(k) « NIL.

vk s.t. FiLkl = UP and Ri(k) # SON,

send

(ni ’di abini) H

For line switching:

any new flow is routed

through k*.
For message switching: set Pigw 2
€T « 1
STATE S2
T22 Condition 22: Same as Step B.S.1
Action 22: Same as Action 12.
T23 Condition 23: Same as Condition 13.
Fact 23: Same as Fact 13.
Action 23: Same as Action 13.

C2 Condition 5:

For FAIL (2)

Same

Same

as Condition 1.

as Action 1.

Opgration _Done by the Message Processor_at_the SINK

Fi(&) + DOWN ; CT=0'EXECUTE FINITE-STATE-MACHINE for SINK.

For WAKEgz)

(Fact: FSINK(E) = DOWN, see 7 in Section 3.3.2)

wait for end of WAKE synchronization (see 10 in Section 3.3.2);

if WAKE synchronization is successfully completed, then

K(l) +« READY.

FsIN
CT + U;
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€.3 For MSG(m,d,b,%) ;
[ | NSINK(E) € m;
C.3.2. CF « O;
€.3.3 EXECUTE FINITE-STATE-MACHINE for SINK.
D. Einite;State:Machine for SINK
STATE S1
E el
* D.1.1 T12 Egggisigg_la: Either{CT=0} 322.{FAIL or WAKE}; E
D.1.2 or the SINK decides to start a new iteration. ;
i
: D.1.3 Action 12: If FAIL or WAKE, then gk Psink * 1; ?
D.1.4 ¥k s.t. FSINK(k) = READY,set i
FSINK(k) < UP and NSINK(k) « NIL;
D.1.5 ¥k s.t. FSINK(k) = UP, send (ngyyy»0,0,SINK);
D.1.6 CT <« 1.
STATE S2
E D.2.1 T21 Condition 21: ¥k s.t. Fgru (k) = UP, then Ngpu (k) = ng s
D.2.2 MSG; “
B.2.3 Action 21: ¥k s.t, FSINK('kl = UP, set NSINKU‘) <« NIL;
D.2.4 CT <« 1;
D31 T22 Condition 22: {CT=0} 321 {FAIL or WAKE}.

D.3.2 Action 22: Same as Action 12.




3.4: Properties and Validation of the Protocols

3.4.1: Introduction

Some of the properties of the protocols have already been
indicated in previous sections. We now turn to state those properties

explicitly, along with some others that have not yet been shown.

We begin with some definitions and notations, then we state
properties that hold throughout the operation of the network, some of
them referring to the entire netowrk at a given instant of time and
some to a given node or link as time progresses. Then a series of
theorems is stated which enables us to prove the recovery of the
network after topological changes. Finally, we show that the extended
protocols reduce in fact to the basic protocols in absence of topological

changes.

S4.2: Notations and Definitions

In this subsection, we present several notations and definitions
that are used throughout this work. The notations Fi(k)_4 Ri(kl,
FAIL(2), MSG(m,d,b), n, d., N, (k), D (k), Z;(k), S1, S2, S2, S3, Cl,
Ci, PC(m) and others have been already introduced. We add the time
in parentheses whenever we want to refer to the above quantities at a
given time t; for instance, Ri(k)(t), ni(t), Ni(k}(t], etc. We also

use the following notations:

B




state SX with node counter number n.

SX{n]

si(t) = state and possibly node counter number n, of node i at time t.
Therefore we sometimes write si(t) = S3 for instance and some-
times si(t) = S3[n].

SONi = set of nodes {k:Ri(k) = SON}. We use either SONi or
fk: Ri(k) = SON} at our convenience.

Ty2[t,i,(nl,n2] means transition to state S2 (from an arbitrary state)

occurs at time t at node i; in this transition node i changes its rode

counter number from nl to n2. If nl is arbitrary we write y instead

of nl.

T21[¢,SINK, (n1,n1)] means proper completion of an iteration with counter

number nl.

Rauting Graph

At a given instant t, a Routing Graph RG(t) is defined as the
directed graph whose nodes are the network nodes and whose arcs are
given by the pointers Ri(l) = SON, namely, there is an arc from node i
to node 2 in the Routing Graph RG(r) if and only if Ri(ﬁ)(c) = SON.

(in other words 2 ¢ SONi(;ll, or in words if and only if 2 is a son

of i at time t. The graph RG(t) has some very important properties and

for describing them, a definition of an order for the states is needed.
Therefore, we define that S3 > S2 = Si > S1, and from now on, we agree

that Sx > Sy means that Sx > Sy or Sx = Sy. We also define the terminating
nodes of the RG(t) to be those nodes in the network which have nc sons

at time t. PFor instance, Fig. 7b is the Routing Graph of the network in

Fig. 7a. Notice that the SINK is always a terminating node.




Fig. 7a: Network example (arrows denote sons) .

terminating nodes

Fig. 7b: Routing Graph for the network in Fig. 7a.
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For conceptual purposes, we regard all the actions associated with
a transition or a change of the Finite-State-Machine to take place at the

time of the transition.

3.4.3: Theorems

Theorem 3.1: (loop-freedom).

At any instant of time t, the RG(t) consists of a loop-free directed

pattern (termed lattice from now on) with the following ordering

properties:

i) the terminating nodes of the lattice are the SINK and all nodes in S3.
ii) if szONi(;), then nz(;) 2 ni(;J.

wid} 1f leSONi(;) gnd nz(t) = ni(t), then sl(t) > si(t).

The proof of Theorem 3.1 is given in Appendix A. According to the
theorem, the Routing Graph has at any instant of time the desirable
loop-freedom property. It should be noticed here that isolated nodes
also belong to the Routing Graph. From the theorem we can realize
that certain ordering in the Routing Graph is maintained by the protocols
at each instant of time throughout the operation of the network. The
order is formed by concatenation of (ni’si) which is nondecreasing when

moving from the peripheries towards the terminating nodes of the pattern.

Until now, properties of the entire network at each instant of time
throughout the operation of the network, have been stated. In the next

theorem we refer to local properties as time progresses.




Theorem 3.2

1) For a given node i, the node counter number n, is nondecreasing

i
with time and the messages MSG(m,d,b) received from a given neighbor
have nondecreasing numbers m.

ii) Between two successive proper completionst.dE) and PC(ﬁ), for each
given m withm < m ﬁ, each node sends to each of its neighbors
at most one message MSG(m,d,b) with d # =,

iii) Between two successive proper completions PC(m) and PC(;),.for
each given m with m<msm , a node enters each of the sets of
states {Sl[m]},{SZ[m],Si[m]},{ss[m]} at most once.

iv) All "Facts" in the formal description of the algorithms in Section

3.3.3 are correct.

A third theorem describes the situation in the network at the time

proper completion occurs:
Theorem 3.3
At PC(ﬁ}, the following hold for each node i:

i) If n, =m, then s; = S1 or B » S3.
ii) If a message MSG(m,d,b) with d # = is on its way to i, then s, = S3
and n, = m.

iii) If either (n; = m and s; = S1) or n, < m, then for all k s.t.

F, (k) = UP it cannot happen that {N; (k) = m, D, (k) # =},

A combined proof is necessary to show that the properties appearing
in Theorems 3.1, 3.2, 3.3 hold. The proof uses a two-level induction,

first assuming properties at each proper completion until PC(m) say,hold,




then showing that the other properties hold until the next proper
completion named PC(;) and finally proving that the necessary properties
hold at PCCB). The second induction level proves the properties

between successive'proper Eompletions by assuming that the property
holds until just before the current time t and then showing that any
possible event at time t preserves the property. The entire rigorous

procedure appear in Appendix A.

In order to introduce properties of the protocols regarding normal
activity and recovery of the network, the following definitions are

necessary:
Definition

We say that a link (i,2) is potentially working if Fi(Z) # DOWN

and F (i) # DOWN, and a link (i,%) is working if Fi(z) = F, (i) = UP.

Two nodes in the network are said to be potentially connected at time

t if there is a sequence of links that are potentially working at time t
connecting the two nodes. A set of nodes is said to be strongly
connected to the SINK if all nodes in the set are potentially connected
to the SINK and for all links (i,2) connecting those nodes,we have either

F,(#) = F (i) = UP or F (%) = F (i) = DOWN.

Definition

Consider a given time t, and let ml be the highest counter number of

iterations started before t. We say that a pertinent topological change

happens at time t if the algorithm at a node i with ni(t-) = ml

|
:
i




receives at time ; a message FAIL(Z) or if WAKE(Z) is received at i at
time t and the WAKE synchronization is successful. Observe that a
pertinent topological change happens if and only if node i has a link
(1,2) such that at time t, Fi(l) changes from DOWN to READY or from either

UP or READY to DOWN.
Theorem 3.4

Let
L(t) = {nodes potentially connected to SINK at time t};

H(t) = {nodes strongly connected to SINK at time t}.

Suppose

Ty2[tl, SINK, (ml,ml)] (3.12)

namely an iteration is started at time tl with a number that was
previously'used. Suppose also that no pertinent topological changes have
happened while ngryg = ™ before tl and no such changes happen ater tl
for long enough time. Then there exist times t0, t2, t3 with

t0 < tF < t2 < t3 < » such that a), bl, c), &) hold:

(a) T21[%0; SINK, (m1,m1)]; (3.13)
(b) 4t e [t0,t3], we have H(t) = L(t) = L(t0);
(<) for all i ¢ L(t0), we have

Ty2[t2;, i, (ml,m1)]; (5.14)




for some time t2i elifel  t2]:

(3.15)
d) i) T21[t3,SINK, (ml,ml}];

ii) RG(t3) for all nodes in L(tQ) is a lattice with a single

terminating node - the SINK.

In words, Theorem 3.4 dictates that under the given conditions, if
a new iteration is started with a number that was previously used, then
proper completion with the same number has previously occured and the new
iteration will be properly completed in finite time while connecting all
nodes of interest (namely, those in L(t0)) to the SINK, both strongly and

routingwise. The proof of Theorem 3.4 appears in Appendix B.

The recovery properties of the protocols are described in Theorems

3.5 and 3.6. The proof of Theorem 3.5 appears in Appendix B.

Theorem 3.5

Let L(t), H(t) be as in Theorem 3.4. Suppose
Ty2[tl, SINK, (ml,m2)] , m2 > ml , (3.16)

namely an iteration is started at time tl with a number that was not
previously used. Suppose also that no pertinent topological changes happen

for a long enough period after tl. Then

a) There exists a time t2, with tl € t2 < =, such that

i) for all i ¢ bBit2)

Tv2[t2,, i, (y,m2)]; (3.17)
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happer at some time t2; with tl < t2, < t2;

1i)  H{x2) = L{t2}

0) There exists a time t3 < « such that
1) T21[t3, SINK, (m2,m2)]; (3.18)
11) ¥t e [t2,t3], we have H(t) = L{t) = H(t2);
1ii) RG(t3) for all nodes in L(t3) is a lattice with a single

terminating node - the SINK.

Part (a) of Theorem 3.5 dictates that under the stated conditions,
all nodes in L(t2)will eventually enter state S2[m2]. Part b)
dictates that the iteration will be properly completed and each node potentially
connected to the SINK at time PC(m2) will also have at least one routing

path to the SINK.

Finally, we observe that reattachment of a node loosing its only path
to the SiNK,or leaving state Si,or bringing a link up requires an
iteration with a counter number higher than the one the node currently has.
In the next chapter we present a special protocol that causes such an
1teration to be started in finite time. Here only the following assumption

is needed:

Assumption A ;

Suppose that a node i with ni(t-) = m detects at time t a failure of
one of its neighboring links or succeeds in WAKE synchronization with its
neighbor £ while Zi(ﬁ) = m at time t, then the SINK either has started

a new 1teraticn with counter number strictly higher than m before t, or

will start such an 1iteration in finite time after t
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Theorem 3.5 and the assumption are combined in the following

theorem:
Theorem 3.6 (Recovery)

Let L(t), H(t) be as in Theorem 3.4. Suppose there is a time tl
after which no pertinent topological changes happen in the network for
long enough time. Then there exists a time t3 with tl < t3 < = such
that proper completion happens at t3 and such that all nodes in L(t3)
are on a lattice with a single terminating node - the SINK, and are

strongly connected to the SINK.
Proof

Let t0 ¢ tl be the time of detection of the last pertinent topological
change before or at tl. Let node i be the node detecting it and let
m = ni(xO-). Then by assgmption, the SINK starts a new iteration with
counter number strictly higher than m in finite time. Let t2 < =
be the time the SINK starts such an iteration with number ml > m.
Since by the definition of pertinent topological change, m is the largest
number at time t0, we have that t0 < t2. By the conditions of this
theorem, no pertinent topological changes happen after time t0 for a
long enough period, so that no such changes happen after time t2.
Consequently Theorem 3.5 holds after this time and the assertion of the
Theorem follows.

QBB

This completes the proof that our extended protocols possess the

required properties of being distributed, loop-free and recoverszble.
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A frnai thecrem 1s needed for showing that they reduce to the basic

protocots after all topelogical changes have occured

Theorem 3.7 (Optimality)

Let L(t) be as :n Theorem 3.4. Suppose there is a time tl after
which pertinent topological changes never happen in the network Let
also the inputs tc the network be stationary and iet t3 as .n Theorem
35.6. Then the network L(t3) will be brought to the minimum average

delay over all rcuting assignments.

Proof

By Theorem 3.6 there exists a time t3 with tl € t3 ¢ = such that
proper completion happens at t3 and such that all nodes in L(t3) are on
a ioop-free lattice terminated only at SINK After time t3 the conditions
of Theorem 2.2 hold and the algorithms proceed exactly as the basic
algorithms. Theretore, the network L(t3) will be brought to the minimum

average delay over all routing assignments.

-8t
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CHAPTER 4
ADDITION OF A PROTOCOL FOR TRIGGERING ITERATIONS

4.1: Introduction

In the previous chapter we have described two distributed routing
protocols, which are failsafe, namely the protocols operate smoothly under
all circumstances. However, to show their ability to cope with topological
changes, an assumption has been made, that each time the SINK has to
start a new iteration with any specified number, it indeed starts it
and does it in finite time. The specific way of triggering a new
iteration was of no importance from our point of view as long as the

assumption really held.

There exist several procedures for starting a new update iteration

and setting the corresponding n in a way that satisfy the above

SINK
required behavior of the SINK. A simple procedure is that -at given
intervals of time, or as a result of the detection of a change in the
traffic patterns, the SINK increments NgINK and starts a new update
iteration. This procedure may make use of a time-out to trigger a new
update iteration if the previous one is not properly completed within
certain time. If there is a topological change in the network after
proper completion, there is no direct triggering of a new update iteration,
and thus recovery can be achieved only whenever the SINK decides to start
a new update iteration. In addition, this procedure unnecessarily

increments n for every update; hence an unnecessarily large number of

SINK

bits to represent Mg 1Nk is required. These two disadvantages are overcone
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by the protocol presented in this chapter. This specific protocol, when
combined with the protocols described in Chapter 3, enables us to show
that whenever need arises,the SINK starts a new update iteration with a

specific counter number, within finite-time.

In the following description we first describe the protocol
informally, then we combine it with the previous protocols and formally
describe the resulted protocols. Finally, an explicit theorem is given

that shows the main new property of the resulted protocols

4.2: Informal Protocol

4.2.1: Introduction

We have observed that loosing a neighbor or bringing a link up
requires an iteration with a counter number higher than the number of the
node sensing the change. A procedure is therefore needed for each node
that senses a topological change to ask the SINK to start a new update
iteration with a specified number. Since all our protocols are
distributed it would be better to develop a distributed procedure to
achieve the desirable goal. Therefore, the following protocol is
distributed in nature. In the following description we first show how to
ask the SINK a special request and then how to forward this request through

the network until it arrives at the SINK.

e — - -




Any node discovering a topological change by either detecting a

failure or sensing that a link is ready to come up generates (in addition
“o all other operations described in Chapter 3) a special control

ressage - REQ(nl). The number n, contained in the message is the current
node counter number of the generating node. Since after a topological
change, the node usually needs a new update iteration, with a counter number
higher than its current number, this message functions as a request message
intended for the SINK. Before proceeding to explain how REQ messages are
cransmitted through the network, let us first assume that such a message

is xeceived by the SINK. In such a case, when the SINK receives REQ(m)

it immediately starts a new update iteration with counter number (m+l1),
provided that such an iteration, or an iteration with a number higher

than (m+1) has not been previously started. This procedure assures that if
2ll REQ messages generated within the network arrive at the SINK in finite

time, then the assumption made at the end of Chapter 3 indeed holds.

In addition, the SINK is allowed to start a new iteration while

increasing the counter number at any time.

We now turn to describe how REQ messages are treated and sent by each
node. When a message REQ(m) is generated by a node or arrives at a nodc,
it is put in the regular queue and prcessed on FIFO basis, as all other
control messages. When the nodal message processor takes such a message
and starts processing it, it first compares its node counter number with
the number contained in the message. If it finds that its numbe; is higher
han the number contained in the message, then it discards the request

nessage, since it is clear that the requested iteration or even an iteration




with a higher counter number has already been started. Otherwise, namely

1f the node counter number is equal to or less than the number contained

in the message, the request message should be sent forward towards the

SINK. Therefore, the protocol dictates that in such a case the node send

this message to a specific neighboring node, called preferred son for

reasons to be discussed. As much each node i must keep one more memory i
location denoted by P for storage of the identify of its preferred son.

The description of how the preferred son is chosen is deferred to the

next section. The protocol also dictates that a node that hasn't a

preferred son (because of a failure) discards any REQ message it receives.

4.2.3: Selection of the Preferred Son

- - - - - - -

REQ messages are transmitted through the network along a succession
of preferred sons. To insure their arrival at the SINK, the preferred son
must be well'chosen. The protocol dictates the following way for selecting
the preferred son: Each time a node enters state Sl (gleariy this may
be done only when T21 is performed), it chooses ko (see B.4.7 in Section
3.3.3) to be its preferred son. Remember that ko is the only node through
which we permit to increase the flow even from zero. As such, it is
""preferred" in some sense. In addition, each time a node enters state S2
from any state and hasn't a preferred son, it chooses arbitrarily a node
k s.t. Ri(k) = SON, to be its preferred son. This method of selecting the
preferred son guarantees that if a REQ(m) message is generated in the
network, and sent as described in Section 4.2.2, an iteration with counter
number (m+1) or higher, will always be started within finite time. This

property is explicitly stated in Theorem 4.2 in Section 4.4 and proved

in Appendix B.




4.3 Formal Description

In this section we repeat the formal description of the two algorithms
of Section 3.3.3 while adding the protocol we have just described in the
necessary places. To save space, we do not copy Section 3.3.3 here again,

but only show where the present protocol must be added.

4.3.1: Notations

Two main additional notations are needed for the following description:

P; = preferred son;
REQ(m) = request message.

4.3.2: The Algorithms

Same as in Section 3.3.3 with the following additions:
After step A.1.3 add:

A.l1.4 If P; # NIL, then send REQ(n;) to p,.
After step A.2.4 add:

A.2.5 If P, # NIL, then send REQ(ni) to p..

After A.3.8 add:

A.4 For REQ(m)
A.4.1 1f P; # NIL and n, €m, send REQ(m) to Py

otherwise discard the message.




After B.1.9

B.1.10 Choose any node k s.t. Ri(k) = SON and set p, « k.
After B.2.12 add:
B.2.13 1f P; = 4, then set P; NIL.
After B.3.6 add:
B.3.7 1f P; = %, then set P; * NIL.
After B.4.13 add:
B.4.14 Set P; < ko.
After B.8.11 add:
B.8.11 Set p, « k*

After C.3.3 add:

C.4 For REQ(m)
€.4.1 CT «0

C.4.2 EXECUTE FINITE-STATE-MACHINE for SINK.

Change D.1.1 to:

e e T12 Condition 12: {CT = 0} and {FAIL or WAKE or

REQ (m-ns INKI ke

Change D.3.1 to:

D.3.1 T22 Condition 22: {CT = 0} and (FAIL or WAKE or

REQ(m=n

sinkd 1




4.4: Properties and Validation of the Protocols

Clearly, the algorithms that are described in Section 4.3.2 are
exactly the same as the algorithms of the previous chapter with the simple

addition of REQ: Therefore, the present protocols possess the same

properties, and all the theorems that are stated in Chapter 3, remain
correct here too. In this section we only state the additional properties

the protocols have, due to the specific protocol that has been added.

3 At first, an additional property of the Routing Graph is stated:

Theorem 4.1

The following ordering property is maintained in RG(t) at any instant

of time t:

£ pi(;) # NIL and np.(;) = ni(t) and sp (t) = si(t) = S1, then
i i
d_ () < do(t).
p, (8 < 48]
The proof of Theorem 4.1 appears in Appendix A. According to the
theorem, in addition to the ordering properties in the Routing Graph

that are stated in Theorem 3.1, it has also the following ordering

property. For nodes in state S1 with the same node counter number, which
are the nodes that have properly completed the update and reroute in a
certain iteration, the estimated marginal delays to the SINK are strictly

decreasing along the concatenation of preferred sons.

The next theorem comes to substitute the assumption made at the end

of Chapter 3.




Theorem 4.2

Suppose that a message REQ(ml) is generated at some time t at some
ncde in the network. Then the SINK has received before t a message

REQ(ml) or will receive such a message in finite time after t.

The proof of Theorem 4.2 appears in Appendix B. Before going any
further we want to give here an equivalent definition for a pertinent

topological change, in connection with request messages.

Equivalent Definition (for pertinent topological changes) i

A pertinent topological change happens at time t if and only if a ;
message REQ(ml) is generated at time t, where ml is the largest update

counter number available at time t in the network. i

PRI RIETR

It is easily seen that this definition for a pertinent topological

change is equivalent to the definition given in Chapter 3.

Now, it is also clear that the Recovery Theorem 3.6 and the
Optimality Theorem 3.7 hold without making the assumption that was needed

there, since Theorem 4.2 actually assures the existence of the necessary

conditions.
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CHAPTER S

SIMULATION PROGRAM

Actually, there is no need for a simulation program in our work
since we validate the protocols analytically. However, there were
several problems in expressing the conditions for executing the
transitions from one state to another in the Finite-State Machine
To overcome these problems, a simulation program was run. This program
simulates the operations done by individual nodes in the network. The

details of the program are provided in Appendix C.

As a result of the simulation, Section 3.3.3 was written and
property R7 (see Appendix A) was validated. In this chapter we merely

give an example that shows the necessity of the simulation program.

Example

Step B.4.3 of Section 3.3.3 was written at first as follows:

B.3.4 MSG; (5.1)

There is need for this step to condition transition T2l, otherwise
Condition 21 and Condition 25 may hold at the same time (see step B.6.1
in Section 3.3.3). However, the simulation has shown that (5.1)

leads to deadlock in certain circumstances. Here is an example:

Let a node i be in state S2 with two neighbors kl and k2, i.e.

Fi(kl) Fi(k2) = UP, and k1 is its only son, i.e. Ri(kl) = SON,

Ri(k2)

n

NIL. Suppose that Ni(k2) = mx; = ml > ns Di(kZ) R O

node i has already received a message from neighbor k2. Suppose that




at this point link (i,k1)fails, i.e. a FAIL(kl) is received at i. Then

by step B.7.1 of Section 3.3.3 node i goes to S3. By step B.8.1 of
Section 3.3.3 it also performs T32 and goes to S2. At this point,

no further actions are taken in the Finite-State Machine, particularly,
T21 is not performed because of (5.1); however, T2l must be performed
at this point, otherwise there is danger that it will never be

performed, i.e. ueadlock. To overcome this situation, step B.3.4

appears as in Section 3.3.3.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

This thesis presents prot;cols for constructing and maintaining
loop-free routing tables in a data-network, when arbitrary failures
and additions happen in the network. In addition, an optimal
routing is obtained in steady-state in the sense that the delay is
minimized. Several topics involved in these protocols deserve further

discussion.

The iteration caunter numbers

Evidently, the iteration counter numbers involved in our protocols
are increasing infinitely. This does not cause analftic problems,
however, it makes difficulties in structured implementation. Therefore
other versions of the protocols, in which the iteration counter numbers
will be drawn from a finite alphabet, must be considered. Such versions

are under current study.

The parameter n

In [GALL 77] and [SEG 77a] it has been proved that the basic
protocols converge to the minimum delay in stationary conditions only
if the parameter n, involved in the algorithms for each node in the
network, is chosen to be very small. Certainly, much larger n's are
to be used, in order to allow some dynamics of the roﬁting, so that
slowly changing traffic requirements can be followed. In [POU 78] it

was shown (by simulation) that large n's still insure convergence.
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It is interesting to mention here that if optimality is not seeked
and if we allow very large n's (n > =), then our extended protocols
reduce to the protocol of [SEG 77c], since at each iteration only one

son can be chosen.

The request protocol

In Chapter 4 we described a very simple protocol for triggering new

iterations when need arises (because of topological changes). Though

the protocol is simple, the proofs of its correctness are very complicated.

Furthermore, we couldn't validate the protocol unless we assumed that
the d's (marginal delay of the nodes) are non-negative integers.
Therefore, other protocols which are simple and at the same time can be

easily validated must be considered.

State S2

State Si of the Finite State-Machine was introduced in order to
prevent T21 from happening at a node that is in state S2 and discovers a
failure on one of its links or receives MSG(d = ») from a nonsingle son.
This avoids nodes to update routes based upon invalid information. In
addition, this precludes proper completion from happening, thus enables us
to validate the request protocol seperately from all other proofs.
However, it is easily noticed that S2 is artificial and actually
unnecessary. Step B.4.2 in Section 3.3.3 insures that T2l is
prevented, if there is danger that the nodes will update routes based

upon invalid information.

We have not omitted this state (S2) since we feel it gives better

and easier understanding of the operations done by each node, and it does




APPENDIX A

This appendix is organized as follows: We start with several
notations that are used in the following proofs, then we proceed with
the statements of a few properties that follow immediatély from the
formal description given in Sections 3.3.3 and 4.3.2. Lemmas A.l1 - A.5
and Theorem A.1 contain the proofs of Theorems 3.1, 3.2, 3.3 and 4.1,
together with some other properties needed in the proofs themselves. For

simplicity, we use in the appendices the word '"algorithms' to describe

Sections 3.3.3 and 4.3.2.

Notations

In addition to all the notations-we have already introduced , we
use a compact notation to describe changes accompanying a transition, as

follows:

Txy[t,i,MSG(ml,d1,bl,21), SEND(m2,d2,b2,22), (nl,n2), (d1,d2),

(SON1,S0N2), (pl,p2), (mxl, mx2)] (A.1)

will mean that transition from state Sx to state Sy occurs at time t

at node i caused by receiving MSG(ml,d1,bl) from neighbor &1; in this
transition i sends MSG(m2,d2,b2) to neighbor 22, changes its node counter
number n, from nl to n2, its estimated marginal delay to the destination
di from dl to d2, its set SONi of sons from SON1 to SON2, its preferred
son p, from pl to p2 and the largest update counter number received up

to0 now mx . from mxl to mx2.




Similarly,

Txy[t,i,FAIL(21),SEND(mZ,d2,b2,22),(n1,n2)(d1,d2), (SON1,SON2),

(pl,p2), (mx1,mx2)] (A.2)

denotes the same actions as above, except that they are caused by receiving

FAIL message from neighbor 21. ' —

Another compact notation is used to describe changes which are not
accompanied by a transition and are done in the Finite-State-Machine,

as follows:

Cx[t,i1,MSG(m,d,b,2), (SON1,SON2), (p1,p2)] (A.3)

will mean that a change is caused by receiving a message MSG(m,d,b) from
neighbor & ; in this change the set SONi of sons is changed from SON1 to
SON2 and the preferred son p; is changed from pl to p2.

Similarly,

cx[t,i,FAIL(&%), (SON1,SON2),(p1,p2)] (A.4)

means the same, except that the change is effected by receiving FAIL

message from neighbor 4.

For simplicity, all arguments in the above notations that are of no
interest in a given description are supressed, and if for example nl is
arbitrary then (y,n2) is written instead of (nl,n2). Similarly, if one
of the states is arbitrary, y will replace this state.

In particular observe that




Ty2[t,SINK, (y,n2)] (A.5)

means that an iteration with counter number n2 is started at time t and
T21[t,SINK, (n2,n2)] (A.6)

means that proper completion of the iteration occurs at time t.

For Txy[t] or Cx[t] we also use the following notations:

t- = time just before the transition or the change.

t+ = time just after the transition or the change.

Also
[t,i,MSG[m,d,b,2)] (A.7)

is used to denote the fact that a message MSG(m,d,b) is received at
time t at node i from node %, whether or not the receipt of the message
causes a transition or a change.

Similarly
[t,i,FAIL(2)] (A.8)
is used.

3

Properties of the Algorithms

Rl  Any change in n., s;, or sending any message MSG(m,d,b) can happen
only while node i performs a transition. A change in SON, can happen

only while node i performs a transition Txy or a change Cx.

) ot a1 g ny




R2 Txy [t,i,SEND(myd,b), (y,n2), (v,d42),(v,mx2)] implies d=d2.
If d # = , then
i) Txy = T21 or Ty2

| ii) n; =2 m = mx2

If d = », then
iii) Txy = Ty3

iv) n2 = n
R3 T32[t,i,(nl,n2)] ¥ n2 > nl.
T22[t,i,(n1,n2)] * n2 > nl

t22[t,i,(n1,n2)] * n2 > nl

R4 s;(r) =53 *  Fks.t. Ry(KI(t) = SON * SON,(t) = NIL % d. (1) = =

RS Txy[t,i, (SON1,SON2)], SON1 ¥ NIL, SON1 # SON2 ¥ Txy = Ty3 or T2l or T22.

R6 mxi(tl is nondecreasing as time increases for any node i.

R7 In the Finite-State-Machine, no two conditions can hold at the same
time. This implies that the order of checking the conditions of the

transitions and changes is irrelevant. {

? R8 For all t and all nodes i in the network, ngrng(t) > n;(t) and ‘

nSINK(:) P mxi(t)-




R9 T32(t,i, (NIL,SON2), (NIL,p2),(»,d2)] implies:

(1) p2 ¢ SON2; (ii) d2 > dpz(t).

R10 The Finite-State-Machine has two types of transitions. The first
type is effected directly by the incoming message, while the
second type is caused by the situation in the memory of the node.
Each message can trigger only one t-ansition of the first type,
and this transition come always before transitions of the second
type. This is controlled by the variable CT in Section 3.3.3.
Transitiors '1'52, T21 and T32 are of the second type, transitions
T13, 123, T23, T22 and the changes Cl and C2 are of the first

type. Transitions T12 and T22 belong to both types.

R11 The possible changes of Fi(z) are given in Fig. 8. The types

w READY FAIL . DOWN
C&—ms% S WAKE -
e i St

Fig.8: Possible changes of Fi(g).

of messages causing them are also shown. A pertinent topological
change happens if Fi(l) -+ DOWN or Fi(z) changes from DOWN to READY
at a node i with ni(t-) = ml, where ml is the highest counter number

of iterations started before t.

The following lemma proves statement i) of Theorem 3.2 and shows
the role of the node counter number n.. Here we see for the first time

that several properties have to be proved in a common induction.




[t1,i,MSG(ml,dl,bl,2)], (A.9)

[t2,i,MSG(m2,d2,b2,2)], (A.10)

then t2 > tl implies m2 2 ml.
b) For a node i, n, is nondecreasing with time.

c] Let Mi(z,l) denote the counter number m of the last message
MSG(m,d,b) received at node i before or at time t from node %.
Then

n; (£) € M, (¢,2) Ve SON, (t) (A.11)

Proof

The proof proceeds by induction. We assume a), b), c) hold up to

time t- for all nodes in the network. We then prove that any possible

event at time t preserves the properties. This combined with the fact
that a), b), ¢) hold trivially at the time any node comes up for the

first time completes the proof.

a) Suppose t = t2.
Then by FIFO and property R2 it is clear that:
3 t3 s.t. Txy[t3,2,SEND(ml,d1,bl)] * n,(t3) = ml (A.12)
3t4 s.t. Tag[t4,%2,SEND(m2,d2,b2)] * nz(t4) = m2 (A.13)

with t3 < t4 < t.

By induction hypothesis on b) n, was nondecreasing up to (but not

including) time t, so ml < m2.

q.e.d.




b)

Here we check all possible events at time t.

- If cy[t,i,(nl,n2)] or T21[t,i, (nl,n2)] or T22[t,i,(nl,n2)]
happens, then the node counter number n; is not changed so
nl = n2 (see Action 1, Action i, Action 21, Action 25 in
Section 3.3.3), q.e.d.
- If T32[t,i,(n1,n2)] or T22[t,i.(n2,n2)] or T22[t,i,(nl,n2)]
happens, then by property R3, n2 > nl, q.e.d.
- If T12[t,i, (nl,n2) (SON1,SON2)] happens, then by induction
hypothesis on c)
nl < M, (t-,k) %k € SONI1.
Since in T12 we have SON1 = SON2, then
nl < M, (t-,k) Yk e SON2.
By applying a) at time t we get:
M, (t-,k) € M, (t+,k) = n2 ¥k e SON2
where the last equality follows from steps B.1.1,B.1.6 in Section 3.3.3
Hence nl < n2, q.e.d.
- If Ty3[t,i, (nl,n2), (SON1,SON2)] happens, then the transition
might be caused by either FAIL(%) or MSG(m,d,b,%).
If FAIL(2), then n2 = nl (see step B.2.7 in Section
3.3.3), q.e.d.
If MSG(m,d,b,2) then from steps B.2.1, B.2.7 in Section
3.3.3 we know that 2 € SON1 and n2 = m, therefore:
nl € M;(t-,2] € m = n2
where the inequalities follow respectively from

induction hypothesis on c) and by applying a) at time

- q.e.d.




c) Here we check again all possible events at time t.
- If Cy[t,i] or Tzi[t,i] or a received message causes no
ﬁransition, then from Section 3.3.3 we have:
ni(t*) = ni(t-) and SONi(_t—) 2 SONi(t+)
From induction hypothesis on c)
ni(_t-) € M, (t-,k), ¥k € SON, (x-).
Therefore:
ni(_t+1 < Mi(t-,k), ¥k € SONi(t+).
Finally, by applying a) at time t we get:
ni(t+) < Mi(t-,k) < Mi(t+,k), ¥k € SONi(t+), q.e.d.
- If Ty3(t,i] happens, then SONi(t+) = NIL, so nothing
has to be proved.
- If T21[t,i] happens, then the counter number of the last méssage
received before time t from any neighbor is (see step B.4.1
in Section 3.3.3)
niLt-) = ni(t+) = mxi(t-)
therefore,
ni(t+) = Mi(,u,kl, Yk e SONi(_'tq-]_, q.e.d.
- If Ty2[t,i] happens, then (see B.1.1, B.5.1, B.8.1, B.9.1

in Section 3.3.3)

The next lemma shows what are the messages that can travel on a link

after a failure or after a message with d = «,

ni(tﬂ = mxi(t-) = Ni(kl(,t-) = Mi(t+,k), ¥k e SONi(to-). q.e.d.
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Lemma A.2

a) If
[t1,i,MSG(ml,d1,bl,2)],
[t2,i,MSG(m2,d2,b2,2)]

where t2 > tl, dl = =, then m2 > ml.

b) If
"[t1,i,FAIL(2)],
[t2,i,MSG(m2,d2,b2,2)]

where t2 > tl, then m2 > ni(ti) and also m2 > nz(;l).

Proof

a) 3t3 < tl1 such that
Ty3[t3,2,SEND (ml,d1==,bl,i), (¥,n2)]
and from property R2 we have ml = n2.
The next transition of node 2 must be:
T32[t4,%, (n2,n3)]
with n3 > n2, so that by Lemma A.1 b) which says that n, is

nondecreasing, we see that 2 will never send any message

MSG(m,d,b) with m € ml after t3. R2 and FIFO at node i completes

the proof,
b) After a failure, a link (i,%) can be brought up only with
numbers strictly higher than Zi(ﬁ) = mnx(ni,nz) . Since n;

n, are nondecreasing numbers by Lemma A.1 b), the proof is

completed,

q.e.d

and

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

.

q.e.d.
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Lemma A.3

If

Ty2([tl,i, (¥,m)] (A.20)

then ¥t > tl we have for all k s.t. Fi(_k) (t) = READY that
Z i(,k) (t) > m. Therefore, no link is brought up by node i with number

m after entering S2[m] (brought up means FiCk) « UP).

Proof

If at time tl- we have Fi(k) (tl-) = READY and Zi(k) (t1-) < m, then
link (i,k) is brought up by node i (Fi(k) « UP) at time ti(see B.1.7,

B.2.8, B.5.4, B.9.8, B.9.2 in Section 3.3.3).

If at time tl- we have Fi(k) (t1-) = READY and Zi(k) (tl-) > m, then
nothing would happen at time tl and for all t > tl Zi(.k]_(';l > m, since

Zi(_k) is nondecreasing (by Lemma A.1 b)).

If Fi(,k) has been set to READY after tl, then by Lemma A.l b)

niLt) 2 m ¥t > tl
and clearly zi(k) t) = m ¥t > tl, q.e.d.
Lemma A.4

If Fi(ﬂ.) (t) = READY and

(t,i,M5G(m,d,b,2)], (A.21)

then m > Zi(l) (t). Observe that this is the Fact in step A.2 in

Section 3.3.3.
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Proof

From steps A.1, A.2, A.3 in Section 3.3.3 and property 7 in Section
3.3.2, Fitx) can go the READY only from DOWN and only when successful ‘
synchronization of WAKE(Z) occurs at i. Let tl < t be the last time ]
it occurs. By property 7 in Section 3.3.2, at time tl there are no {
outstanding messages on (i,&) or (2,i) and Zi(&) is established as ?
max{ni,nz} (see A.2.2 in Section 3.3.3). Therefore, the message in (A.21) 3
must have been sent at time t2 > tl and since node £ sends messages only f
to nodes k for which F; (k) = UP, it follows that F,(2)(t2+) = UP. §
But Fi(l) could have been set to-UP only from READY because of B.1.7, 3
B.2.8, B.5.3, B.7.3, B.8.8, B.2.2 or B.10.3 in Section 3.3.3 and not
because of A.3.1 and in all the above cases we have n, > Zz(i) = Zi(l).
Since n, is nondecreasing and & sends MSG(m,d,b) only with m = n,,

the assertion follows, q.e.d.

Lemma A.S

All "Facts'" in Section 3.3.3 are correct.

Proof

The Fact appearing in step A.2 in Section 3.3.3 is proved in
Lemma A.4. The Fact in A.3.1 follows from property 7 in Section 3.3.2.
Fact 32 is correct since from B.2.2, B.2.6, B.2.10, B.7.1, B.7.3, B.10.1,
B.10.3 in Section 3.3.3 we conclude that

TY3[i, (d1,d2), (SON1,SON2}] (A.22)

implies d2 = «, SON2 = NIL.
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Facts 13,12,23 and 23 follow from Lemmas A.l a) and A.1 c), since if

MSG(m,d,b) is received at node i at time t from node £ and TV3 or T12

happen, then 2% € SONi(t-) and

A 1 : ’ s
m = number received at time t by node i from % 2 Mi(t-,z) % ni(t-).

P

Fact 21 is correct, since if

Tv2(i, (d1,d2)]

happens, then d2 # = and since SONi = NIL iff s; ® S3,

q.e.d.

The next Theorem completes the proofs of Theorems 3.1, 3.2, 3.3

and 4.1.

Theorem A.1l

Let PC(m) and PC(E) be the instants of occurence of two successive

proper completions, Then,

a)

b)

Theorem 3.3.

Consider any number ml < m. Let m be the highest counter number

m < ml such that PC(m) occurs. Let LPC(m,ml) be the time of

occurrence of the last PC(m) such that PC(m) < PC(m). If for

any i,k, t € PC(m), we have either

N,GO(8) = a1 = @, D, (R)(8) £ =, s;(t) # S3, ny(e) = m

or
N, (k) () = m1 > m

then 3tl e [LPC(m,ml),t) and3t2 € (t1,t) such that
[t1,k,SEND(m1,d1,b1,i)]

(t2,1i,MSG(ml,d1,bl, k)]

o

(A.

(A.

(A.

(A.

23)




c)

d)
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with dl = D, (k)(t) - D', (72).

(Note: In words, the above insures that a message MSG(ml,dl,bl) was

sent and received no earlier than LPC(m,ml)).

Consider, any number ml < m. Let m be the highest counter number

m £ ml such that PC(m) occurs. Let LPC(m,ml) be the time of

occurrence of the last PC(m) such that PC(m) < PC(m). Then

i) [t1,i,MSG(m1,d1,bl,2)], ; (A.27)
[t2,i,MSG(m2,d2,b2,2)], d2 # = " (A.28)

where LPC(m,ml1) s tl1 < t2 ¢ PC(E:) imply m2 > ml

ii) If
T21[tl,i,(nl,n1)], =nl = ml (A.29)
[t2,i,MSG(m,d,b,2)] , d # = (A.30)
where LPC(m,ml) € tl < t2 < PC(R),
then m > nl.
iii) A node i enters, between LPC (r;,ml) and PC(E), each of the
following sets of states at most once:

{s1[m1]},{S2[m1],S2[m1]},{S3[m1] }.

(Note: Observe that for the particular case where m = m this

is Theorem 3.2 iii)).

i) The possible transitions or changes at a node are the following ,
where n2 2 nl and n3 > nl: T12[(nl,n2)], T13[(nl,n2)],
ci[(n1,91)], T21[(nl,n1)], T22[(nl,n1)], T23[(nl,n2)],
T22[(n1,n3)], T22[(nl,n3)], T23[(nl,n2)], C2[(nl,nl)],

T32[ (n1,n3)] and C3[(nl,nl)].
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ii) T21(t,i,(n1,n1)] implies that¥k s.t. i ¢ SON, (t) then (A.31)

sk(t) = S1[n1].
e) Theorem 3.1 and Theorem 4.1.

f) i) Suppose
T21(t,i,(nl,n1})] (A.32)
happens with nl = m , and let Tl be the last time before
t such that
Tv2[t1l,i, (¥, nl)] (A.33)
happens. Then we have Fi(k)(rl) = UP if and only if
Fi(k)(r] = UP Yyt e [11,t].

ii) If for some t ¢ (PC(E),PC(E)] we have
Tv2[t,i,W,n2)], 02 = & (A.34)
Then
3tl e (t,PC(m)] such that T21[tl,i,(n2,n2)] happens, (A.35)
and #t2 e [t,PC(m)] such that T23[r2,i]

or T22[t2,i] happen

g) If 3i,k, t € (PC(m),PC(m)] such that for some t € (PC(M),t)
holds
[t,k,SEND(m,d,i)] , d # = (A.36)

and if node i either has not received this message by time t,
or has N, (k) (t) = m, D,(K)(#) # = , then 3Jtl ¢ [t,PC(m)] such
that

s;(t1) = s2[m] or s, (t1) = S3[n].
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Proof

a)

b)

As said before, the proof proceeds using a two-level induction.

We first notice that a) trivially holds at the time the network
comes up for the first time (this time might be denoted by PC(0)).
Then we assume that a)-g) hold at every time up to and including
PC(m). Next we prove that b)-g) hold until the next proper
completion PC(E), using the second level induction. Finally,

we show that a) holds at PCCE), thus completing the proof.

Clearly, a message MSG(m,d,b) with m = Ni(k](;), must have been
sent before t. We have to show that such a message must have

been sent after LPC(i,ml).

For the case (A.24) where Ni(kl(t) > m, suppose the message has
been sent before LPC(m,ml), then it implies by R2 that at LPC(m,ml)
we have n >m contradicting R8 and implying such a message

has been sent and therefore received after LPC(m,ml).

For the other case (A.23) where N, (K)(t) = m, D, (K)(t) # =,

s;(t) # 3, n (t) = m, assume that the message MSG(m,d,b) has been
sent by k to i before LPC(Q,ml) and no such a message has been

sent by k‘to i afterwards. First assume the message is on its way
to node i at LPC(;,ml). This implies by the induction hypothesis
on a) ii) applied at LPC(&,ml] that we have si(LPC(;,ml)) = S3

with n, = ;. However, at time t, si(t) # S3 and when a node leaves
state S3 it strictly increases its node counter number, but we
have niLt) = ;, contradicting the assumption. Next assume the

message has arrived at node i before LPC(m,ml). Since the
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situation Nl(kj = Q, Di(k} # ® holds until time t 1t also holds
at LPC(ﬁ,ml) At LPC(m,ml1) n, s m 1f n, =m at LPC(m,ml)
then by the induction hypothesis on a) i) applied at LPC(m,ml)

we have 8 = S1 (we have already seen that si(LPC(;,ml)) # S3. In

either cases,{n.1 = ﬁ §s; = Sliortni < ;}by the induction hypothesis
on a) iii), for all k s.t. Fi(kl = UP it cannot happen that
{Ni(k) = ;, D, (k) # ®} at LPC(Q,ml), asserting a contradiction.

Therefore, (A.25) is asserted. q.e.d.

€] Suppose c)1)ii) and iii) are true for all nodes in the network

up to time t-. We prove c¢) i) and c) i1) for t2 =t and then

prove c) iii) for t.

1) 1f dl = =, then m2 > ml by Lemma A.Z a). From Lemma A.l a)
m2 2 ml. So, assume dl ¥ * and m2 = ml and we are going

to show that this assumption asserts a contrdiction.

If dl # » and m2 = ml, then Lemma A.2 a) and Lemma A.l a)

respectively, imply that ats e (tl,t2) such that

[t3,i,MSG(m,d==,b,2)] (A.37)
or such that
[t3,i,MSG(m3,d3,b3,2)] (A.38)

with m3 # m2 = ml. Therefore the two messages received at

tl and t = t2 can be taken as consecutive. So using b),

FIFO and property Rl it turns that Jt4 e [LPC(m,ml),tl] and

3tS € (tr4,t2) such that
Txy[t4,%,SEND(ml,d1,bl,1)], dl # = ; . (A.39)
TaB[t5,2,SEND[m1,d2,b2,i)], d2 # =, (A.40)




By R2, Txy = T21 or TY2 and same for TaB. But by induction
hypothesis on c¢) iii), node % cannot enter {SZ[mI],Si[ml]}
twice between LPC(;,mll and PC(ﬁ), so that the only
possibilities are:

{Ty2[t4,2]} AND {T21[t5,2]}
and no other transition happens between t4 and t5. However, in
Ty2([t4,2], node L sends a message to every neighbor except sons,
i.e. except those nodes that belong to SONi(x4#) (see steps
B.1.8, B.5.3, B.8.9, B.9.2 in Section 3.3.3), and in
T21[t5,%], only to sons, i.e. to nodes that belong to SONi(tS-)
(see B.4.1Q in Section 3.3.3). Since no other transition
happens between t4 and t5 we have SONi(;4+1 = SONi(tS-),
contradicting (A.39), (A.4Q).

So, m2 > ml q.e.d.

ii) Clearly, Fi(&)(;z-) = UP, If Fi(&1(;11;# UP, then Lemma A.4

together with the facts that n, is nondecreasing (by Lemma

A.1b) and that Zi(ll is established as in step A.2.2 in Section

3.3.3, show that the first message MSG(m2,d,b,2) that can

be received by node i from node % after tl must have m2 > ml = nl.
Then the assertion follows from Lemma A.l a).

Suppose now that Fi(l)(tl-) = UP, then step B.4.1 in Section

i 3.3.3 requires

Nicl](tl-) = nl = ml

and by the definition of LPC(;,ml) we have nl = ml 2 m. We

now distinguish between two cases:

If Diu](tl-) = » then Jt3 < tl (possibly t3 < LPC(m,ml))

such that




d)
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[t3,i,MSG(nl,d1l==,b,2)] (A.41)

and the assertion follows from Lemma A.2. a).

If Di(z)(;l-l # =, then from b) it follows that
3t3 ¢ [LPC(m,ml),tl) such that
[t3,i,MSG(nl,d1,b,2)] , dl # = . (A.42)

and the assertion then follows from c¢) 1i).

iii) From Lemma A.1 b), n, is nondecreasing, so that once n, is increased,

1)

it cannot be returned to the old value.

From Section 3.3.3, a node can leave £Sz[m1],55[m1]} only via T21
or T23 or Tis without changing the node counter number. If T23 or
Tis happens then R3 shows that node 1 will strictly increase n,
when leaving {S3[ml]}. If T21 [(ml,ml)] happens then c) ii) shows
that it cannot subsequently receive a message with d # = with the
same ml, and in order to enter S2[ml] again, such a message should
be received. Therefore, a node can enter {SZ[ml],Si[ml]} at most

once between LPC(m,ml) and PC(;).

To S1[ml] a node enters only from S2[ml], so that it cannot enter

S1[ml] twice between LPC(ﬁ,mI) and PC(m).

If a node entersS3[ml], by R3 it leaves S3 only with a higher n,,
so that it cannot come back with the same n,. q.e.d.
The assertion follows immediately from Section 3.3.3 and from the fact

that the node counter number is nondecreasing, stated by Lemma A.1 b).




ii)

Recall that we are always considering times before PC(E).
WNe are going to pfoved 1 1i) for one node k such that
ie SONk(x) and the proof for all other fathers of node i

follows in the same way.

Observe that

T21(t,i, (n1,n1)] (A.43)
implies that Ni(E)(t] = nl for all 2 s.t. Fitﬁl = UP. Note
also that here i ¢ SONk(t) implies Fi(k) = UP, so that
Ni(k)(t—) = nl. Note further that Di(k)(t-) # =, since other-
wise k was sometime before t in S3[nl] and could attach to node
i only if i sent to k a message with counter number strictly

higher than nl, contradicting T21[t,i,(nl,nl)].

However, Ni(k)(t-) = nl, Di(k)(t-) # » implies by b) that

3~ ¢ [LPC(m,nl),t] such that

Txy[~,k,SEND(nl,d,b,i)] , d # (A.44)

Now, there are two possibilities:

i£ 1 SONk(I-), then Txy = Ty2, but in order that i ¢ SONk(t),

k must have performed T21[rl,k] at some time tl e (1,t).

On the other hand, if i ¢ SONk(;-), then Txy = T21. Therefore,
in either cases, k performéd:

T21[n,k, (n1,n1), (SON1,SON2)] , 1 ¢ SON2 (A.45)
at some time n € [LPC(ﬁ,nl),t]. So sk(n+) = S1[nl] and

18 SONk(n¢).

From c¢) and the fact that i ¢ SONk(t), one can easily see that

k remains in S1[ml] at least until time t, q.e.d.
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Part i) of Theorme 3.1 is trivially proved, since at any time only

the SINK and nodes i1n state S3 have no sons.

Part ii) and iii) of Theorme 3.1, the loop-freedom property and
Theorem 4.1 are proved by induction, assuming they hold up to time
t- (t ¢ PC(E)} and showing that for any possible event at time t, these
properties are preserved. To simplify the proof we look at the
concatenation (ni,si) and write (ni,si) 2 (nk,skl if n, 2 n and
if n, =y implies Si % Sy Using this notation observe from d) i)
that

Txy[t,i,(n1,n2)] (A.46)
implies (n2,y) 2 (nl,x) for any x and y except for Txy = T21.
Note further that the induction hypothesis on 3.1 ii) and 3.1 iii) is:
If % e SONi(t) then (nl,sl)(t) > (ni,si)(:) Mt < t-.
Finally notice that the changes of interest here are in ni’si’SONi’pi

and d,.
1

We now turn to consider all possible events at time t:

Cy[t,i] ; only SONi is changed. Since SONi(;) ;ZSONi(t+) the
properties trivially hold at time t+.

T2§[t,i]; only s, and possibly SONi are changed. Since si(t+) = si(t-)
and SONi(;-) ;QSONi(;+1 the properties are preserved.

Ty3[t,i]; in these transitions SONi(x*) = NIL, so that node i has no
sons at time t+. Therefore, it is left to check only that
the properties are preserved for fathers of node i.
I£ 1 ¢ SONk(x-) then (ni,si)(t+)>(ni,si)(t-)z(nk,skxt-)
where the inequalities follow from Lemma A.1 b) and from the

induction hypothesis respectively; so the properties are

preserved for all fathers.




e ——— — Ty v =

T12([t,i], T22[t,1], T22[t,i]; di, s; and possibly n, are changed; no

change in SONi. 'Regarding fathers, the
proof evolves as for Ty3. Regarding
sons, we see that

Txy[t,i, (nl,n2), (SON1,SON1)] (A.47)
where Txy = T12 or T22 or Tiz, implies
from steps B.1.1, B.1.6, B.5.1, B.5.3,
B.9.1, B.9.2 in Section 3.3.3, that

N; (k) (£-)=n2 , D, (Klt-1#= ¥keSONL (A.48)
We now continue this part of the proof
for one node 2eSON1, for each other

son the proof follows in the same way.

From b) and R2, (A.48) implies that
'312 e [LPC(m,n2],t]

such that 52(321352[n2]. Now, if on
(Iz't)’ node & stayed at S2[n2] or
performed any transition except
T21[%, (n2,n2)], then the properties
are preserved. Therefore, it suffices
to prove that node & could not have
performed T21 on (rl,t). " Suppose
it has , i.e.

T21[r1£,£,(n2,n2)] 3 lee(rz,t) (A.49)
does happen. Then by step B.4.1 in

Section 3.3.3 we have nl(i)(rlz)=n2. Now

we distinguish between two cases:




If D, (i) (t1,) # = , then by b), 3 T2, [LPC(m,n2),71,)
such that

(t2,,i,SEND[n2,d,b,2)] , d # = (A.50)
which by property R2 implies that si(rzz-) = S2[n2]
or si(122+) = S2[n2]. But (A.47) saysthat i enters

S2[n2] at time t,which contradicts ¢) iii).

If Dz(i)(;lz) = =, then for some time 122 < 112
[rzl,i,SEND(nZ,d=~,b,£)] (A.51)

which implies that si(122+) = S3[n2]. But

si(t+] = S2[n2] and 12, < t, which is impossible by

property R3 and Lemma A.1 b).Therefore (A.49) does not
happen.

T32[t,i];-suppose

T32[t,i, (n1,n2), (NIL,SON2)] (A.52)

happens.

Regarding fathers, the properties are preserved since by

- property R3, n2 > nl. Regarding sons, then by b) the

above implies that 3Jt ¢ (LPC(m,n2),t] such that

[t,%, SEND(n2,d,b,i)] , % € SON2 (A.53)
Now, from Lemma A.l1 b), “z(;) 2 nl(x). From
property R2, “L(I) = n2. Now, if nl(;) > n2, then

(ny»s,) (8] > (ny,s,)(t+) = (2,2).

If on the other hand, nz(t) = n2, then the same argument

as for T12, T22, T22 shows that node & was in S2[n2]

sometime before time t and could not return to S1[n2]

in the meantime, so that

(ng,s,)(t) > (ny,s,)(t+) (A.54)




- T21[t,i];

So, the reattachment does not generate a loop.
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So, the properties are preserved in this transition.

In addition to the above, since here there is a change
in SONi from NIL to # NIL, we have to show that a loop
is not generated by this change. This is seen from the

fact that every node k upstream from node i at time t

has
(g S ) (20 (g, 5 )(x-1=(n1,3)< (n2,2)= (n, , s )(t+)
where the first inequality follows from the induction

hypothesis.

Also every node q downstream from node 2 has

(gr 5 (112 (g, 51 (41> (ny 5 ) (+)= (2,2).

suppose
T21[t,i,(n2,n2), (d1,d1), (SON1,SON2),(p1,p2)] (A.55)

happens.

Regarding fathers, i.e. if i € SONk(;), then from d) ii)
it follows that sk(;) = S1[n2], therefore
(n;>8;1(E4) = (s, ) (2).
Regarding sons, i.e. if 2 ¢ SONi(x+), then steps B.4.1
B.4.4, B.4.11 in Section 3.3.3 show that
Ni(ﬁ)(t-) = n2, Di(x)(t-) # o 4oL e SONi(t+)
Then from b) 3T, € [LPCQ;,nZ),t] such that
[ty,%,SEND(m,d,b,i)] , ¥2 ¢ SON, (t+) (A.56)
withm = n2 = n,(7,-).
Therefore, from Lemma A.l b)

(ng»s) (£)2(n2,1)=(ny,s;1(t+) ¥R €:SON, (t+),  q.e.d.




T

This completes the proof for the properties stated in

ii) and iii) in Theorem 3.1.

We now turn to prove Theorem 4.1: To prove this property notice
that if (A.55) happens, then p2 € SONi(t+) by steps B.4.11 in Section
3.3.3 and B.4.14 in Section 4.3.2, and if

(npz.spz)(t+) = (ny,s;)(t+) = (n2,1)
then by steps B.4.1, B.4.4 in Section 3.3.3 and B.4.14 in Section 4.3.2

we have

N;(p2)(t-) = n2 , D,(p2)(t-) # =
From b) 3Tp2 € [LPC(i,nZ),t] such that

[rpz,pZ,SEND(m,d,b,i)] (A.57)
; withm=n2 and d = dpz(xpz) = Di(pZ)(t-) - D'ip2'
: By properéy R2, spz(xpzt) = S2[n2], so by c) iii), node p2 could not

enter again $2[n2] in the interval of time (Tp2+,t), therefore

dpz(:) = deLTpZ*)' But by steps B.4.2, B.4.6, B.4.7 in Section 3.3.3

and B.4.14 in Section 4.3.2, we have

di(x+) =d] 2 Di(pZ)(x-) = dpz(t) + D'ipz

which from assumption 2 in Section 3.3.2 implies that
dl = d,(t+) >d_ (t+) =d_,(t
104 > dp (0] = 4y ()
completing the proof of Theorem 4.1, - q.e.d.
In addition, to complete the proof of loop-freedom property, we have

to show that the possible change in the list SONi of sons in T21[t,i]

does not generate a loop. We prove this by contradiction.

Suppose that at time t+ a loop is closed because of T21[t,i].

Since by the induction hypothesis the network was loop-free until time t-,
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then the assumed loop must contain pi(:+). Denote the loop as the

following string of nodes: ippigseee,ip=i, 1) = pi(;+1 ) 1q+1

a son of iq for q = 1,2,...,2-1, and il is a son of i at time t-.
Observe that at time t-,,iq+1 was a son of iq for q = 1,2,...,(2-1) too,
but i1 £ SONi (t-) from the induction hypothesis. In addition, from
Theorem 3.1 ii) and 3.1 iii) we see that around the assuﬁed loop the
concaténation (n,s) is nondecreasing, so it must be constant, namely

(n,s) = (n2,1) at t+ around the assumed loop. Clearly, this loop

must contain a link (ir’ir+1) such that d. < di at time t+, and
T r+l

(ir, ir+l) # (iz,ill which follows from Theorem 4.1. We have already
shown that 1fT€[LPC(;,n2),t] such that sil(?t) = S2[n2], so by ¢) iii)
node il could not enter S2[n2] again between T+ and t. Since at time

t+, siCt+] = S1[n2], then T21[Ti1’il] happens at some time Til e (z,t)
and no other transitions happened during the interval (t,t). Using the
saﬁe arguments,we see that each node iq(q=1,2,...,2) has been in state
S2[n2] at some time after LPC(&,nZ) and before t, has not entered S2[n2]
again until t, .and has performed T21[iq] after being in S2[n2] and before
t, performing no transitions in between. While entering S2[n2], each

node iq (9=1,2,...,%) has updated its dq and bq, and has not done it

again until t.

Edt ©T. ; T be the last time before t nodes ir, ir+1
T T+l

sDEyd ,respectively. (From now on, slight differences
r r otrer red
appear in this part of the proof between the line switching and the

message switching models. We indicate these differences when applicable).

We now claim that &i (t+) ¢ di (t+) implies T Ty e LIELS
T T+l r r+l

is because that if d, was updated after Ty s then it means that at
r+l T

. node ir was not a son of i and became one on (Ti ,t), which from

+1 b s

p 4
r T
Theorem 4.1 and property R9 imply that di () > di (t) contrandicting
T r+l

updated their
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our assumption., Therefore, at T node ir+1 is a son of node ir with

%
d; ¢ di . Clearly, for message switching, ¢i . > 0 and for line-
r T+l r’Trel
switching f. i > 0, the latter follows from the fact that
T el
d; = di and step B.4.1.1 in Section 3.3.3. This situation is
r T+l

not changed at least until time t, since the only transitions nodes
ir and ir+1 can perform in (ri ,t) is T21, and since at time t node
T

i is still a son of node i..

Let tl < t be the time node ir performs T21[t1,ir,(n2,n2)], then

at tl- we have for message switching

na: A T T (A.58)
rrtrel Mr trolrel
for line-switching
fay gl o g £ . (A.59)
trodrel frotrel trrirel
otherwise, at time tl+, ir+1 [ 5 SONi contradicting our assumption.
T
From step B.4.8.2 in Section 3.3.3 we also have at tl-:
fade >n[D, (1..,) -d. ] , (A.60)
1r,1r+l i, r+l 1.
So, at tl-
for message switching
n[D. (A.,,) -d. 1/t. < ¢. . (A.61)
ir = S Irslrel
for line switching
oD, @, ) =d, J £ . : (A.62)
i, r+l i, 1,1
However, on the interval of time (ri ,t1) all the above quantities are
r
not changed. Therefore (A.61), (A.62) hold at T also, which implies
r
that b, <« 1at 1 (see steps B.1.5, B.5.3, B.2.2 in Section 3.3.3).
r r
We now notice that node i entered state S1[n2] only after

r-1




£)

receiving a message MSG(n2,d#=,b) from node i

r? SO node ir could not
become a son of i, , in T21[ir_1] since i was blocked. Therefore node
i, set bir-l + 1 while entering S2[n2] (because either ir was a son
or became one in T32). Following the same argument we move upstream on
the assumed loop from i, to il’ and see that bil = 1 at time t. But
this says that il was not a son of node i and became one at t+ although
it was blocked at t. Step B.4.6 in-Section 3.3.3 does not allow this

to happen asserting a contradiction. q.e.d.

i) During (tl,t), no link is brough up by node i because of Lemma A.4.

Now, suppose there were failures, let 13 be the first time on
(r1,t) such that

[t3,i,FAIL(kK)]; (A.63)
Then node i performs either T23[t3,i,(nl,nl)] or Tzi[rs,i,(nl,nl)]
with nl = m. In either case, d) i) shows that to exit S3[nl] or
Si[nl] and enter to S2, one has to increase n,, so that it is impossible
that

T21[t,i, (n1,n1)] (A.64)

happens. So no failures can occur on (tl,t), g.e.d.

ii) Consider the following sequences of nodes and instants:
is= io, il""’iq = SINK

tst. >, >¢,% ,..>t

R q

such that

Tv2lt ,i, W.n2), (y,SON2, )] (A.65)
; &, u ;
happens, where n2 = m, 1o1 € soN2i (tu+), us=0,1,.¢.,9-1.

u
Such sequences must have existed if Ty2[t,i, (¥,n2)] happened.

Also by e) the seqeunce of nodes contains no iaop until PC(;).
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Now, assume that ﬁru € [tu,PC(I'l’l)] such that
'I‘Zl[ru,iu,LnZ,nzl] (A.66)
happens for u=0. We want to show that this assumption leads to

the fact that iér [tu#l,PC(E)] such that

€
u+l

T21[ru¢1,iu+1’(n2,n2)] (A.67)
happens (remember u=0).

Suppose there existed such % el then it follows from f) i) that

Fiu+1(iu) (twl) = UP (since Fiu+1(iu) (tw_l) = UP).
The next step of this proof is to show that Nimlﬁu) (Tu+1-) ¥ m = n2.
To do this we must show that $12u+1 i such that
[12u+1’iu’SENDcn2’d’b’iu*l)]’d = ® (A.68)
and that $13u+1 € [Pc@”ud) such that
(x3,,;+i,,SEND(n2,d,b,i )} , 4 # = ' (A.69)

For T2u+1 <ty it follows that $ such T.2u+1 from properties R2

and R3 (since sy (_12u+1+) = S3[n2] and it can't be that
u
siuﬁ:u) = S2[n2]). For ™30 < o it follows from property R2

and ¢) iii) (since S5 L13u+1+) = S2[n2] and it can't enter S2([n2]
u

again at t & again).

For t2 =t or 13 = t , it follows from the fact that
u+ u u+l u

1

€ SONzi(_tu] and iu does not send a message to its sons in Ty2.
u

lu+l

For 12u+1 € (_tu,PC(rTx)) or T3u+1 € (tu,PC(rTx)), the only possibilities
for i if T21[i ] does not happen are: to stay in s2[m] or
T22[(n2,n2)] or T23[(n2,n2)] or T23[(n2,n2)] or C2[(n2,n2)]. In all

cases, i, will not send any message to ie1

The above implies that Niu+1uu) (ru+1-) # m = n2 so that




T21(7, s iy, (02,02]] (A.70)
is impossible (by step B.4.1 in Section 3.3.3)

Regarding the proof by induction (increasing u by 1) shows that

$ q such that
T21[:,SINK, (n2,n2)] » n2 = m (A.71)
happens, which contradicts the assumption that there is a proper

completion at time PC(ﬁ).

This proves the first part of f) ii). The second part

of £) ii) follows because T21[tl,i,(n2,n2)], n2 =m is not possible

if T32[t2,i, (n2,n2)] or T25[12,i,(n2,n2)] happen, q.e.d.
g 1f
k . [t,k,SEND(m,d,b,i)] , d # = (A.72)
then Fk(i)(x) = UP and by property R2 either -
Tv2[t,k,(¥,n2)] , n2 = m (A.73)
: or
T21[71,k, (n2,n2)] , n2 = m. (A.74)

If Ty2 then £) ii) implies that Jt2 e (r,PC(m)) such that

T21[t2,k, (n2,n2)] , n2 = m (A.75)
and Fk(i)(tZ) = UP. Therefore T2l happens at node k a‘some time
(r1 or t2). Call this time n. We have then Nk(i)(n)'- n. By b)
either Jt3 ¢ [PC(m),n] such that
é (t3,i,SEND(m,d,b,k)] , d # = (A.76)

or 74 < n such that

[T4,i,SEND(;-n,d,b,k)]’ y d= e (A.77)
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but by property R2, this means that node i is at 14 < PC(ﬁ) in

s3[m] or is at PC(m) < t3 < PC(m) in S2[m].

If the first holds, node i will stay in S3[m] at least until

PC(ﬁ). I1f the latter holds, then by f) ii) it must perform

T21[i, (n2,n2)], n2 = m before PC(m). But since at time t it still
has Ni(k)(t) = ;, Di(k)(t) # « or has not received yet the message

by time t, c) i) implies that node i could not perform T21[i,(n2,n2)],

n2 = m before time t. Therefore it will perform it later, q.e.d.

Proof that a) holds at time PC(m):

B e I

i) Node i cannot be in SZ[E] because of f) ii) and c¢) iii). It

can't be in 82[;] because it must have been in SZ[;] before

and because of f) ii).

ii) Take t = PC(m) in g). It follows then that si(pco?n)) = S2[m]

or S3[m] but £) ii) and c) iii) imply that s (PC(m)) # S2[m]. °

iii) Follows by contradiction, since if at PC(;)
N; (K1 (PC@)) = @ , D, (k) (PC(m)) # =
it follows by taking t = PC(m) in g) that s, (PC(m)) = S2[m]

or ss[E], q.e.d.

This completes the proof of Theorem A.l.
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APPENDIX B

In appendix A we have proved Theorems 3.1, 3.2, 3.3 and 4.1.
This appendix is devoted to proofs of the remaining statements of our
work, namely Theorems 3.4, 3.5 and 4.2. The proofs are organized as
follows: Lemma B.Q is preliminary and shows that on any link (i,%) the
only twa '"stable situations are {Fi(l) = B (i) = DOWN} or
{Fi(l) # DOWN, F (i) # DOWN}. Lemmas B.l1 and B.2 prove Theorems 3.5, |
Lemma B.3 proves Theorems 3.4 and Theorem 4.2 is proved by the series of

Lemmas - B.4 to B.7.

Lemma B.O0
If Fi(l)ftl) = DOWN, Fl(i)(tl) # DOWN, then in finite time after tl we

have either {F;(2) = F (i) = DOWN} or {F (L) # DOWN, F (i) # DOWNI.

Proof

Fz(i)(tl) # DOWN means either Fz(i)(tl) = READY or Fz(i)(tl) = UP.

If Fz(i)(tl) = READY, then nodes i and & arrived at this situation from

{F;(2) = F,(i) = DOWN} or {F (%) = F (i) = READY} or

{Fi(l)

up, Fl(i) = READY}. Then assumptions 9 in Section 3.3.2 imply

the assertion.

If Fz(i)(tl) = UP, then nodes i and % arrived at this situation from
{Fi(l) = DOWN, F (i) = READY} or (Fi(l) =F (i) = UP} or
{Fi(l) = READY, Fz(i) = UP}. In the first case, the discussion reduces
to the first part of the proof, whereas for the second and the third

cases, assumption 9.a) in Section 3.3.2 proves the assertion.




Lemma B.1l

Theorem 3.5 a).

Proof

Clearly, ni(;l-) < m2 for all i (property R8). Therefore (3.16) may

happen only at or after tl. Let us now define four sets of nodes:
A(t) = {i| 1 € L(t) and i effected (3.16) with t21 < it
B(t) = {1] 1 ¢ L(t) and i £ A(t)l,
A'(t) = {i| i € A(t) and i has a potentially working link to a node in B(t)},
B'{t) = {1| i € B(t) and i has a potentially working link to a node in A(t)}.

If there is an instant t2 such that A(t2) = L(t2), then the proof is
complete. Otherwise, for a given instant t3, we will show (by contradiction)

that there is an instant t, t3 < t < = such that
A(t) 2 A(t3) and A(t) # A(t3). (B.1)
Hence by induction, the set A(t) keeps growing until it equals L(t).

Since there are no pertinent topological changes and since all nodes
i € A(t) have ni(tl = m2, property Rll implies that the set A(t) is non-
decreasing as t increases. Therefore, to proved part i) of Theorem 3.5 a)

1t 1s sufficient to show that the following cannot hold:
Yyt - t3 , A(t) = A(t3) # L(z) (B.2)

We contradict (B.2) by the following three claims:
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CLAIM 1

If (B.2) holds, then Jt4 € (t3,=) such that ¥ j ¢ B'(t4),

3 t4jk < t4 such that
[t4jk,j,MSG(m2,d#w,k], (B.3)
¥ k such that k € A'(t4) and Fk(j)(tS) = UP (i.e. all nodes of B'(t4)

receive m2 in finite time from all their neighbors in A'(t4)).

Proof of CLAIM 1

At time t2i < t3, node i ¢ A'(;Zil performs (3.16). For links (i,%),
where 1 ¢ A'(;Zi), g€ B'(t2i) and Fi(ﬁ)(t21¢)= UP, observe from steps

B.1.8, B.5.3, B.8.9, B.9.2 in Section 3.3.3 that if L ¢ SON,(t2,), then
[t2,,i,SEND(m2,d#=,2)] . (B.4)

Notice further that for each node k ¢ SONi(tZi) we know from Theorem

A.l e) that k ¢ B(tZi). Observe also that since no pertinent topological
changes occur, property R1l insures that for all nodes £, Fi(l) cannot be
changed from or to DOWN after t2i for i e A'(tzi). It means that if

F; (2) (t2,-) = DOWN then F,(2)(t) = DOWN y/t > t2, and if F, (2) (tZi-)=READY
or UP, then Fi(£)(t) = UP Wt > tzi (see steps B.1.8, B.5.3, B.8.8, B.9.2
in Section 3.3.3). Therefore, from assumption 3 in Section 3.3.2 it is
insured that the message in (B.4) arrives at % in finite time. So, there
is a time t4 for which all nodes j that were in B'(t2,) for some k,

either are not in B'(t4) anymore or have received MSG(m2,d#«,k) at time
t4jk < t4 from all nodes k such that k ¢ A'(t4) and Fk(j)(t3) = UP,

q.e.d. CLAIM 1.
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Notice now that B'(t4) cannot be emplty, since then (B.2) is

contradicted.

Let tsj = max(tdjk] for a node j € B'(t4) where t4jk is as defined
k
1ir CLAIM 1. There exists such time tSJ. < » because of Claim 1 and since

there 1s a finite number of nodes in the network, (in words, tSJ. is the

time that a node j ¢ B'(t4) has received MSG(m2,d#=) from all its

neighbors in A'(t4)).

Now, if Jj ¢ B'(t4) such that ¥k ¢ SONj (_tSJ.), k € A'(t4), then from

steps B.1.1, B.1.2, B.5.1, B.5.2, B.9.1 in Section 3.3.3.
Tu.Z[tSj,j,U«',mZ)J (B.S)
'ﬁappens, contradicting (B.2) q.e.d.
Therefore, we now assume that VJ’ € B'(t4) the following cannot
hold: {VR £ SONJ. (,tSJ.) , ke A'(td)}.
CLAIM 2
If j e B'(t4) andlyk ¢ SONj LtSj) , k € A'(t4)}does not hold, then

Vit > t4j the following cannot hold:{ ¥k ¢ 'SONj (t), k € A'(td)}.

Proof of CLAIM 2

Suppose there is time t > tSj such that{4 k ¢ SONJ. (t), k € A'(t4)}.

Then, for the first time after tsj it holds

Txy[t,j, (SON1,S0N2)] , t > €5,




or Cx[t,],(SONI,SON2)] , t > t5; (B.7)

happens with SON1 # SON2.

If T22 or T12, then SON1 = SON2, so these transitions do not hold here.

- If Ty3, then SON2 = NIL # k, hence cannot happen.

- If T21, thenyq, Nj(ql = nj < m2, but Nj(k)(;l = m2, hence T2l cannot
happen.

- If T32, then SON1 = NIL and T32[t,j, (¥,m2)] happens, contradicting
(B.2), hence cannot happen.

- 1f Tzi or Cl or CE, then exactly»one node is delected from SON1,

call it &. After this node is deleted, we assumed that ¥k € SON2, then

k € A'(t3), therefore node j will effect T22[t,j,(¥,m2)] or

T12[t,j, (Ww,m2)] since'nj < m2, which contradicts (B.2), hence

cannot happen.

q.e.d. CLAIM 2.

CLAIM 3

In finite time, all nodes i € B(t4) will effect Ty3[i,(¥,m)] with

m < m2,without effecting T32 thereafter.

Proof of CLAIM 3

We know from Section 3.3.3 that n, can be updated only in transitions
Ty2 and Ty3. For all nodes i € B(t4), Tv2[i,(¥,m2)] does not occur,
otherwise (B.2) is contradicted. Also Ty3[i, (¢,m2)] does not occur for
all nodes i € B(t4) because no message of the type MSG(m2,d==) is generated in

the network since there are no pertinent topological changes. Therefore,

R
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\Tli ¢ B(t4) and yt > t4, then n,(t) < m2. (B.8)

After time td4, no update iteration with m < m2 is started by the SINK

(since the SINK has started an iteration with m = m2 before t4). By

3 Theorem 3.2 ii) it implies that the number of messageswith d # =
generated by the nodes that belong to B(t4) is finite (remember we

deal with a finite number of nodes in the network). Similarly, since
the number of links is finite, the number of FAIL messages is also
finite. Let t'mx be the time after all these messages are generated and
received. Define toe * max(t4,t'mx). Clearly, +i ¢ B(td4), T32[i]
cannot occur after tmx (since all FAIL messages and MSG(d#«) have

been already received).
We now define the following set of nodes:
B(t) = {i] 1 e B(td) and SON,(t) = NIL}.

If'§(rmx) = B(t4) then q.e.d. claim 3. Otherwise, there are nodes
k € B(t4) and k ¢ Ekrmx)' All these nodes, after a sufficiently long
period of time - g will not have sons which belong to EItmx)
(since nodes in'i(tmx) effect Txy[i,SEND(m,d==)] when SONi is set to
NIL, therefore they are deleted from the list of sons of every k € B(t4)
and k ¢ i[tmx)). Since there are no loops in the network, at t*mx
there is a node i € B(t4) and i ¢ EI;mx) which has no son also in
the set of nodes {k| k ¢ B(t4) and k ¢ ‘Eumx)}. By CLAIM 2,
this node neither has all its sons in A'(t4). Consequently, at t* .,
this node has no sons at all, so si(;*mx) = S3 and it cannot leave
S3 thereafter (since 2ll messages MSG(d#=) has already been received),6 By

induction, the set of nodes B(t) grows until it equals B(t4).

q.e.d. CLAIM 3.




The proof of Theorem 3.5 a) i) is completed as follows:

Consider a node j € B'(t4). Define tSj to be the time at which

Tws[t3j,j] occurs by CLAIM 3. But,

if tsj < tSj, then TSZ[tSj,j] happens,

f if tsj > tSj; then T32[t3j,j] happens,

and tSj # Stj since j processes the messages one at the time. This
contradicts (B.2). So by induction, the set A(t) keeps growing until
it equals L(t).

q.e.d.

To prove part (ii} of Theorem 3.5 a), we investigate further
the situation in L(t2) at time t2. Observe that since all nodes
ice L(t:] have n; = m2, and since no pertinent topological changes occur,
it follows from R11 and Lemma B.0 that for any link (i,2) such that
i e L(t2) and 2 ¢ L(t2), it cannot happen that at time t2 we have
Fi(x) = DOWN, F, (i) # DOWN. Also F;(#) = READY is impossible, because
lack of pertinent topological changes imply that Fi(x)(;zi-) = READY
as well, and then by steps B.1.8, B.5.4, B.8.8, B.9.2 in Section
5.3.3 Fi(x)(;zi+) =UP, therefore Fi(xl(;Z) = UP. Consequently,
for links (i,2) connecting nodes in L(t2), the only possibilities at
time t2 are {Fi(z) = F,(i) = DOWN} or {Fi(z) = F (i) = UP}, hence part

ii) of Theorem 3.5 a) is proved.

Next assuming Theorem 3.5 a)which was proved by Lemma B.l, we now

prove Theorem 3.5 b).




Losma 8.2

Theorem 3.5 b).

Proof

We first prove part i) of Theorem 3.5 b) by showing that there is

PC(ml) after tl and that there is no PC(ml) between tl and t2.

Lack of pertinent topological changes insures that after entering
S2[ml] at t2i, each node i € L(t2) can only perform transitions between
states S1[ml] and S2[m2]. Furthermore, by Theorem 3.1 i) notice that
after t2, these nodes form a loop-free pattern (lattice) with the SINK
the only terminating node. Consider a time t', t' > t2. L(t') = L(t2)
since there are no topological changes. Also, by fheorem 3.2 111),; if

a node i € L(t2) enters S2[ml] after t2, then PC(ml) has occured after tl.

If si(t') = S1[ml], i e L(t'), then there exists t3, tl < t3 < t!'

such that T21[t3,SINK, (ml,m1)] happened (since SINK ¢ L(t'));

2. Otherwise, consider a node k ¢ L(t') such that sk(t'] = S2[ml] and
Wi df k e SONj(t'), then sj(:') = S1[ml] (notice there can exist
no such a node j). Such a node k must exist if not all the nodes
are in S1[ml]. Classify the neighbors of k into the two following

sets of nodes:
A= (i F,(k1(t') = UP and s, (t') = S1[ml]},
B = {i F,(k)(t') = UP and s, (t') = S2[ml]}.

At some time in the interval [tl,t'], each node i £ A has sent messages
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MSG{ml,d#~) to all its neighbors, namely to all nodes q such
that Fi(q)(x’l = UP. Also, at some time during the same |
interval, each node i € B has sent such messages to all their

neighbors except'sons, namely to all nodes q such that Fi(q)(t') = UP

and q # SONiL;'l. However, k is not a son of any of those nodes

in B (since it is a son only of nodes in A). Hence,by 3 in Section 3.3.2
node k will receive messages MSG(ml,d#~) from all its neighbors,

at a finite time, say t4. Then:

2L EE sk(;4+1 = S2[ml], then Ji with Fk(i)(;4) = UP such that
NkCi](t4) = NIL, which implies that T21[k,{ml,ml)] happened
in the interval [tl,t4], hence by Theorem 3.2 iii), PC(ml)

occured between tl and t4.

~n
[\S]

ST sk(;4+) = S1[ml], then by induction PC(ml) will happen in

finite time after tl.

We show next that PC(ml) cannot happen in [tl,t2]. Suppose t5
is the first time PC(ml) occurs after tl and t5 < t2. It means there
is a node k e L(t2) such that t2k > t5. Also there exists a node
j = L(t2) such that Fj(k)(th) = UP and since there are no pertinent
topological changes Fj(k)(tS) = UP too. So, node j hés sent to k a
message MSG(ml,d#») in the interval [tzj,tS]. If at time t5 the message

is on its way to k, then by Theorem 3.3 ii), S = S3[ml] which contradicts

the lack of pertinent topological changes. If the message has arrived
to k before t5, then at time t5 either n ml or S = S1[ml] (since
k has not entered S2[m2] yet), and by Theorem 3.3 iii) for all nodes i

such that Fk(i) = UP, including j, it cannot happen that




{Nk(i) =ml, Dk(i) # =} Therefore, such a node k does not exist, which

means that t5 > t2.
q.e.d. i)

Furthermore, we notice that since there are no ﬁertinent topological
changes, we have L(t2) = L(t3), and according to Theorem 3.1 i) the
Routing Graph of these nodes forms a loop-free pattern with the SINK

the only terminating node.
g.e.d. iii)

Finally, looking at the situation in the network at time t2 as

described in Lemma B.1, and for all t € [t2,t3], we observe that for all
links (i,%) for which Fi(l](xZ) = UP we must have Fi(&)(;) = UP and if
Ficx)(;Z) a DOWN, then we must have Fi(l)(;) = DOWN. This completes

the proof of ii).
q.e.d. Theorem 3.5 b).

Lemma B.3

Theorem 3.4

Proof

From Section 4.3.2 we know that a new iteration T21[t1,SINK, (ml,ml)]
can start only if all previous iterations with the same counter number
ml were properly completed. Since iteration counter numbers are

nondecreasing, the first iteration with ml has been started at some time,

say t', by




T12[t',SINK, (mO,m1)] , ml > mo. (B.9)

This transition satisfies the conditions of Theorem 3.5. Hence in a
finite time, say t0, the iteration is properly completed, and from Section
3.3.3 t0 > tl, q.e.d. Theorem 3.4 a). Also L(t0) forms a loop-free
pattern (lattice) with the SINK the only terminating node, and

n. =ml, i € L(t0), and since there are no pertinent topological changes,

b

for all t 2z t0 we have:
1. H(t) = L(t) = L(t0) q.e.d. Theorem 3.4 b).

2 By Theorem 3.1 i) all nodes i € L(t) form a latticc with the SINK

the only terminating node, q.e.d. Theorem 3.4.d ii).

We prove Theorem 3.4 c) by induction: First, we notice that since
there are no pertinent topological changes, then all nodes i : L{%1)

can perform only transitions between S1[ml] and S2[ml].
We now define two sets of nodes:

A(t) = {i] i e L(t) and i effected T12[t2,,1,(ml,m1)], with

t1 £ £2, % t);
i 4
B(t) = {i|] i e L(t) and i £ A(t)}.

:The induction is done over the set A(t) and we want to show that it grows
uuntil it equals L(t). Clearly A(tl) = SINK. Assume the set A(;r)
contains several nodes for tr 2 tl. Take a node k ¢ B(tr) which all its
sons belong to A(xr) at t, (there must exist such a node since the
network is loop-free). Node k can change its list of sons only via T21,
so it does not change this list at least until k enters S2[ml]. At Tt

all nodes in A(tr) have sent messages MSG(ml,d#«) to all their
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neighbors, except possibly their sons. However, node k cannot be a son

of any of the nodes in A(;r) (since the network is loop-free). By 3 in
Section 3.3.3 node k receives messages MSG(ml,d#~) from all its sons in

finite time, say tZk. Therefore at t2, node k performs (see step B.1.1

in Section 3.3.3).
T12[t2k,k,(m1,m1)]. (B.10)

We now can add node k to A(;Zkl and delete it from B(;Zk). By induction,

the set A(t) keeps growing until it equals L(t), q.e.d. Theorem 3.4 c).

Theorem 3.4. d)i) follows directly from Lemma B.2 by assuming Theorem

3.4. c). q.e.d. Theorem 3.4.

Theorem 4.2 will be proved by Lemmas B.4, B.5, B.6 and B.7. Lemma B.4
is preliminary and is used to simplify the following proofs. Lemma B.5 deals
with the case when a node in S2 or Si sends a REQ(ml) message. Lemma B.6
proves the Theorem for the case where there is a node in state S3[ml].

Lemma B.7 is similar to Lemma B.5 but for S1.

Lemma B.4

If a REQ(ml) is generated in the network, then either
1. all nodes j in the entwork have "j ¢ ml and REQ(ml) is processed
only by nodes having n, = ml

or

Ze a REQ(ml) arrived at the SINK.
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Proof

By Theorem 3.1 ii) and from Section 4.3.2, REQ(ml) is not received
by a node i with n, < ml. On the other hand, if there exists a node
i with n, > ml, the SINK started an iteration with m > ml; this is

equivalent to the arrival of REQ(ml) to the SINK, q.e.d.

Lemma B.S

If a node i sends REQ(ml) while s{SZ[ml] or s, = S2[ml], then a

REQ(ml) arrived or will arrive at the SINK in finite time.

Proof
Consider the following sets of nodes and intervals of time:

isd ALK -o» A = SINK

1’ Az’

TIMo > TIM

1

> TIM2 2 Lo & TIMs l

such that
Te2(t; ,i.,(¥,n2), (v,S0N2, ), (¥,p2; )] B.11)

by T r

happens, where n2 = ml, t; e TIM, ir € A, and SON2

s
i Ca=¥*1Aa’pzis SONZi 5

: T T r T |

r=0,1,...,s. Such sets of nodes and intervals of time must exist if |

~ S |

s, = S2[ml] or $; = 82[ml]. There is no loop in the set of nodes U A, |
a=0

at all times, otherwise Lemma B.4, Theorems 3.1,3.2 or 3.3 will be \

contradicted.

The proof proceeds by induction. We know that io sends REQ(ml)

to p2.l (unless it has lost it) while being in S2[ml] or S2[mi].
0
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% Set r=0. Suppose that at time tzir> tir, node i, sends REQ(ml) to
its preferred son iq = pzire Aq with q = r +1. The case when p2ir = NIL
b is discussed later. Suppose also that during the interval of time
“1 [tir,tZir] node ir performs no transition except possibly T25 or Ci.
r
Then after tiq, the first transition executed by node iq could be:
- T22[iq]: q.e.d. by Lemma B.4 (since in T22 node iq strictly increases
its node counter number from ml).
i | - T25[iq,FAIL(l)]: then node iq detects a failure and sends REQ(ml)
to its preferred son while being in Sé[ml].
- T21[iq]: this transition is executed only after receiving a message
E from i.. Such a message is sent by i when T21[ir] occurs,
i.e. after ir has sent the REQ(ml). FIFO at node iq shows
that iq will receive and therefore send REQ(ml) to its ]
perferred son before T21[iq] occurs, i.e. while
siq = S2[ml].
- T23[iq] or T22[iq,MSG(d=')]: in this case there exists a node i, € A,
2 > q such that Tzi[iZ,FAIL] occurs and i, sends REQ(m1)
; to its preferred son while being in Si[ml].
If iq performs no transition, then it sends REQ(ml) to its preferred
son while s; * S2[ml].

q

Thus, by induction,increase r by q , a string of nodes is established,
* in which each node sends REQ(ml) to its preferred son, and if for each
node i in the string, p; # NIL then REQ(ml) arrived or will arrive at the
SINK. Finally we check the possible case that one (or more) of the nodes

of the string described above has By NIL. 1In such a case, since while

entering $2[ml] each node in this string has Py = NIL (as determined by




step B.1.10, B.5.3, B.8.12, B.9.2 in Sections 3.3.3 and 4.3.2) then i
lost its p; after all nodes downstream from it have entered S2[ml].
Therefore, there exists a downstream node q which detects a failure and
Tzi[q,FAIL] happens at that node (since the network is loop-free) and
it sends REQ(ml) while being in S2[ml] or Si[ml]. Induction asserts
that REQ(ml) arrived or will arrive at the SINK.

q.e.d.
Lemma B.6
If there exists a node that performs TY3[(¥,ml)], then a REQ(ml)
arrived or will arrive at the SINK in finite time.

Proof

Let PCj. j=1,2, ... denotes the j-th occurence of PC(ml).
Given a node i and.a time t such that Ty2[i,(¥,ml]] has happened before
$s it ch is the last PC(ml) before t, afterwhich Ty2[i, (¥,ml)] happened,

then define Ei (t) = j.

Property

Given a time t, suppose that k ¢ SONi(x]4and ni(;) = nk(;) = ml,

. then Eictl < Ek(t).

Proof of the Property

Let tl be the time, node k was last set to be a son of node i before

time t. This can be done only via T21[i] or T32[i]. Let PCj be the last




proper completion before tl. By Theorem 3.3 si[PCj] # S2[ml], therefore
Tw2[i, (¥,ml)] happened after PCj and it cannot happen again before t

because of Theorem 3.2 iii].
Hence Ei(tl) = j

The occurence of T21[i] or T32[i] implies that a message MSG(d#=) has been
received at i from k after PCj. By Theorem A.1 b) this message was

sent by k after PCj and this can only be done if k performed Ty2[k] after
ch. Since Ek is a nondecreasing number, then Ek(tl) 2 j. Since at

time t, k still belongs to SONi(;], then node i cannot enter state S2

on the interval (tl,t) unless node k has entered S2, implying that

E;(x) ¢ EkLt).

q.e.d. (the property).

We may now continue the proof:

By Lemma B.4 we have go prove this Lemma only for the case in which for all
nodes in the network we have n, < ml. Therefore, a node that effects L
* TY3[(y,ml)] cannot effect any more transitions (by property R3). Since
the number of links in the network is finite, then only a finite number
of transitions Ty3[(y,ml)] can be executed. If Tv3[(¥,ml)] happens, then
there exists a node which detects a failure on its link to its only son
and executed Ty3[(ml,ml)] (see steps B.2.l1 - B.2.3, B.2.7, B.7.3, B.10.3
in Section 3.3.3). Define Bl as the set of nodes for which Ty3[(ml,ml)]

happens, namely

Bl = {il T¢3[ti,i,(m1.m1)] happens}.




Define B2 as a subset of nodes of Bl with the highest Ej’ namely

B2 = {4 2 ¢ Bl and E (t;) = max E (t;1}.
ieBl =
CASE 1: Suppose there exists a node & e B2 that effects
T23(t,,%, (ml,m1)] or T23[t,,%, (ml,ml]] (B.12)

Let max Ei(;il = j. Then at PC, (by Theorem 3.3)

ieB2 :
si(PCj] # S2[ml]. Thus the first node 2 € B2 that effects
(B.12) has at least one route to SINK at tl (by Theorem 3.1 i)).
From all nodes & e B2 that effects (B.12) while having
a route to SINK at t;, let us choose a node q, such that

q € SON (;q ) and qQ, £ B2. (there must exist such a node

q

since SIN; ¢ :2)L Because of the property proved above q £ Bl,
so q} does not enter S3. Also by T?eorem~3.1, sqlttqol = S2[ml]
or S2[ml] and q, can only effect T22 or.C2, because we have
shown it cannot effect TV3, and it cannot effect also T2l unless

it receives a message MSG(d#=) from 9y which cannot be

sent since q does not effect T21.

Hence, q, will detect a failure at link (qo,ql) and
send REQ(ml) while 5, s2[ml] or S2[ml], and by Lemma B.5
the assertion follows.
CASE 2: Suppose there existsno node % ¢ B2 that effects (B.12), i.e.
every node & ¢ B2 effects Tls[tl,l.(ml,mlll. Let q, € B2

denotes a node such that

d (t_ )= min {d,(t;-)} (B.13)
% 9% jep2 1
When Q% entered S1{ml] at the last time before tq , it had
o
its preferred son pq (see step B.4.14 in Section 4.3.2.)
o




cannot effect T23 because this will violate CASE 2,and cannot effect

T13 because this violates either (B.13) or CASE 2. Therefore pqo detects
a failure on link (pqo.qo) and sends REQ(ml).

If at any time this REQ(ml) is proce ssed by a node at state S2
or state Si, then the assertion follows by Lemma B.5. Otherwise the
REQ(ml) keeps moving through nodes at S1[ml] since it cannot be received
by a node at state S3 because this violates either CASE 2 or (B.13).
The REQ(ml) is forwarded from each node to its preferred son, thus it
moves through nodes having decreasing d's by Theorem 4.1. Even if the
REQ(ml) arrives at a node, £ say, with P, NIL, then node 2 detected
a failure on link (l,pz) and P, has sent REQ(ml) and by Theorem 4.1

d < di when it has been sent.
P,

Since for all nodes i, di > 0, di is an integral number and the

only node with di = 0 is the SINK, the REQ(ml) will arrive at SINK

after a finite number of steps, q.e.d.

Lemma B.7

If a node i sends a REQ(ml) while s; = S1[ml] then a REQ(ml) arrived
or will arrive at SINK in finite time.
Proof

If there exists a node 2 such that 3, ® S3[ml] then q.e.d. by
Lemma B.6. Hence we may assume that for all nodes % in the network

s, # S3[ml]. Also, by Lemma B.4 we know that the REQ(ml) sent by i may

P R




? encounter only nodes having n;, = ml. Thus as in the proof of Lemma B.

the REQ(ml) either arrives at a node S2 or S2 (q.e.d. by Lemma B.S5)

or moves through nodes at S1, with decreasing d's until it arrives at

SINK,

6

q.e.d.




APPENDIX C

In this appendix we give the program that simulates the operations

done by individual nodes. The notations in the program are the same

|

as in Section 3.3.3 except that S4 is used instead of Si. Since

only an individual node is considered, the steps of determining

the routing and of additions of links are not essential in this
simulation. The program simulates all posssible situations in a node's
memory location and all the messages it can receive in each

situation. Apriori knowledge allows us not to check several situationms.

As a result, this program shows that the Finite-State-Machine acts

as is expected, and proves property R7 in Appendix A.




mLomirnLl LPT ICNS (A
nN=33/7% NUMEER COF NEI
Mi:BEGIN;

IN) S
GrECRS =/

/% JECLARATICN my

OCL( JeREUM)ITDIN FIXED(2C,C)

CLL MG CFrAR(4) VAKRYING

DCL FI(N) CHAR(S) VARYINMNGS

UCL FlL1(N) CFER(E) VARVYING;

LCL (RI(N) oRILUIN) ) CHAF (3):

DCL (NIK(N) sN1(N) JOIK(N) oCKL(N),

U_IKAN) oMo Do CT oMU LoMXY14S,S14PI ,P1,N1, D1, DI

DIl ,sDIL2) UWIN FIXEDS

J=E0s

/7% CUNSTANTS v/

NCONUN=4 [ /% NCCE CCUNTER MUMEER 1w/

INF=5QC; /% THIS IS CCNSICEREC AS INFINITE =/

C_IR(1)=2c0; /% MARGINAL CELAY QOF LINK ([,1) =/

O_1K(2)=10; /% MARGINAL CELAY CF LINK ([,2) %/

O_Ix(3)=15; /72 MAKRGINAL DELAY OF LIMNK ([ +43) =/

/%% THE NJUE'S MENCRY LCCATICANS (INITIALLY) =*x/
FLI(1)=3OLFRY, /x LINK (T41) IS OFERATICNAL */
FI1(2)='WFk'; /= LINK (1,2) IS JPERATICNAL =/
FLI(3)='LEF'; /% LIMK (1,3) IS CFERATICNAL =/
LK1(1)=15; /% LAST C RECEIVED CN LINK (I ,1) =/
CrR1I(2)=1Cs /% (AST [ RECEIVEC CN LINK ([,2) =/
DK1(3) =5, /7x LAST C RECEIVEC CM LINK (I1,3) =/
Il (3)="NILY S

FlIiIMXKL=4

FxS N1CY) =0,

N11INLI(Z2)=03

NI23INL(2)=0

NlSeaS1=13

S5TAID1=10;

DELSRIL(1)="NILY;

SCN1:kIL(2)='NIL;

/7% ThHE MESSACE =/

MoO=*'FAIL;

SCN2iM=2

NUMIC=143;

OES - L=1;,

NEL:u=Gtl,;

/% APRICRI KNCoLEDGE ALLCWY LS NCT TC CFECK TFE FULLIWING %/

IF RIL(1)=*SCA® & RIL(Z)='NIL® TFSEN GOTQ SO2CHAi/%wE HAVE
CHECKED THIS SITLATIGN */

IF MX1<KNCONUM TFEN GO TC MXCHA; /3Mx] IS NEVER LESS THAN NI %/
IF Mo='MSu? & RIL(L)I='SCN® & MCANCODNLM THEN GOTQO ENDL ;/x*xIMPO-
S531cLE EY LEMNMA Aecl C »/

LF (MACNLIC(L) | MXISNI(Z) | MXI<NLI(2)) THEN GOTO N3CFA;

JCrHreCk=C,

DJ n= 1C NS

1F RIL(K)=*SON' TREN JCFECK=1;

END S

IF s1~22 a (JCFECK=0 |C1=INF ) TFEN GOTC SC2CHA;

IF 51=3 & ( JCPECK~20 [C1~=INF ) THEN GOTO SO2CHA: e
IF(JCHECK=0 & D1~==INF) | (uCFECK~20 & C1=INF) TFEN GOTuU S02CHA;

IF 3123 TFEN CC; /%THE NCCE CANST 8E IN S2 IF THE FULLOWING HAPPINS%/
Je=0

CL K=1 TO N - .
IF FIL(K)Z9LE® & WMX1=R1(K) 4 MXIDNCCAUM & DKL(K)~=INF THEN Ja=1;
ENC;

IF J4=1 TFEMN GOTC ENCIH;

END

IF 31=2 TFEN CJUi/*TFSE NCCE CAN'T EE IN 32 IF THE FILLJWING HAPPENSH/

J1=0us ve=Cy <3=C;,
LCL k=1 IC N

IF FIL(RK)=OLPY & NL(K)~=ACONUYM THEN JL=1,
ir FILI(K)=oLP' 4 DKL1(K)<=CLl TFEMN J2=21

IF RIL(K)='SCN' & DKI(K)=INF THFEN J2=13%
NO

F

C

31=c 4 wz=1 a4 J2=C THEN GTTJ ENCL;

hinaniNa PREPeT | Ty A
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N
v

e ———ET—— ‘ - ——— " ———

IF S1=1 THEN CCOi/% THE PMCODE CAN'T SE IN STATE 1 =/

DC k=1 TC N,

lFDkll(K)='S(h‘ THEN IF (NI(K)<3MX1 | DKI(K)=INF) THEN J2=1;
eENOD S
IF J2=C TFHEM GCTC ENCL;

END
IF 31=c | S1=4 TFHEN CC: /® Tr€E NQCE CAN'T BE IN THESE STATES =&/
J2=(,
CC k=1 TC N
IF RIL(K)Z*SON' THEEN IF (MN1(K)==MX]1 | CK1(K)=INF) THEN J2=1;
ENO
IF J2=C & MX1>NJUDNUM THEN GOTU =ND1;
eND

DC K=1 TC N
NIK(K)=NL(
END

‘ -
K)§ RIGK)I=RIN(K)S FI(K)3FIL(K); DIK(K)=DKI] (K)
MXx]l=wMX1; S=S

13 CIL=01 stiI=NCCAUNM;
/% TrE NCDE STARTS T FRCCESS TrtE MESSACE %/

LF wGe=t*FeAIL* THEN DO
FL()='CCun’

CT1=0,

GUJTO F&EM
END

IF MG='M3G*' TFHEN CO;
IF FI(L)S*READY!' TFEN FlL(L)=UF
NIK(L )=V,
CIK(L)=C+C_LIK(L);
IF C=INF TREN UIK(L)=IMF,
MXI=MAX(M MXT);
CT=0:
OCTG FEM
ENOD &

/IR RI 1IN ISR REEER LN INREBR LR LI AP AP AT SR LR EE EERERE RGN R K/
/3sss3393% F | N [ T £ ST ATE M A CHINE sxxsxxsx/
VAt iR i R R Rt R R I R R E R EE R SRR R EREREEERERARFT SRR 22 F 3 V4

VAREEEEREEEE R R R R EREE R EEERRRRRRRREE RIS FT I T T T 4
/s T R A 0 S I 7T I C N 1 2 s3s%%%x8%/
/19334 ABRRITIXIIIIII ISR IREIFIBENBRBIESRESR/
FoM:
IF S=1 &4 C1=0 ThHEN CC;
J1=0s9e=C;,
CC k=1 TC N3
IF RI(K)=*SCN® THEN IF FL(K)=~='UF* TFEN Jl=13
IF RI(K)=O3CN® THEN IF (NIK(K)~=MXI | DIK(K)=INF)
TrEN J2=13
END
IF J1=C & J42=0 THEN DO;
IF MG=*N¥SG®* 4 NMSNI TFEN PUT LIST(*CCATRACICTION TO FACT L12°¢)SKIP;
EL3c DC
/7%¥PUT LISTC*TRANSITICN 12 QCCUKREC* )SKIP %/
GLTJ ULFCATE;
END
GCTGC ENC1
ENO
END §
/ERR YNSRI SER SR N P A A A1 AN AN 920 JJ I PR ARBERRXRERERREREREER K&/
/eks¥kuss T » AN S 1 T I C N ¥ Q ST AT E d s/
/7RS40 VH2 04338884 1144119998000 93 9SS EARREANEARAREETERARRER/
IF (S5=1 | s=2 | S5=4) 8 (T=0 TFEN CO;
JAZ=C,
Co k=1 TG N
IF k=L TFEN GOTC X33
IF RI(K)='SCN® THEN J23=1;
X3:eND;
IF (X330 & RI(L)=*SCNY) & ((MNG="MSGC' & C=INF)|(MG='FAIL"))
THEN DC
IF MG="MSC* &8 MSNIL TYFEN CC
IF S=1 TFEN PUT LIST('CCNTRADICTICN TC FACT 13°*)SKIP;
IF =2 TFEN PUT LIST('CCNTRACICTICN TO FACT 23')SKIP;
[F €24 ThehN FUT LIST('CCATRACICTICN TO FACT 421 )SKIP,
GJ T END1L
=ND
/7%lF S=1 THEN PUT LIST('TRANSITICN 13 CCCURED'JISKIF; =/
/®LF 9=2 TFEN PUT LISTI'TRANSITICN 23 CCCLRED® 4+ JISKIP; &/
/®1lF S=4 TFEN PUT LIST('TRANSITINN 42 CCCURED*JISKIP =/

———



/SRR EIIIR ISR B R BB LSS SRR BRR RS/
/9833%38 C A N G E | sskEssx%/
/BARERIIA 4B 0039 44D (4B RNASEER/

IfF S=1 4 CT=C ThHeEN O35
JCLl=0 3
OC k=1 TC N, ]
IF K=L THEN GQOTQ2 JCH
(F RI(K)=0SCAr TREN JCI1=13
CH i=ZND
[F (JC1=1 & RICL)I='SCANY) & ((NG='MSEG*' 3 D=INF)|(MG=°FAIL®))
TheN CC3
rlOL)="NIL?
/3PUT L IST('CFANGE 1! CCCULRED*,J)SKIF s/ GCTO FSM
ENDS
END

VAEEEEREEEESYEEEREREERR AR EERRRE RS S L2 R 22 23 2 V4

/esss3333% T R A NS | T I CN 2 1 sdaskks/

PZEE IR E R TR RTEESRERERRE R SRR SRR R R RE R RES SRR 2 V4
LF 5=2 Tr=N CC;

Jl1 30,3 w2305 < 3=03 i
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-

zeSCre;

v b= Teoe Do T om e

N
*

LISTO*TRANSITICN 21 CCCUREC* )EKIRPS*/
FSM 3

Ccw==20n
v g~ || ~QZ0~70OT

clun 1o

e

A

m
ZMe
azl
-.07
- O

/X EBEEBEF AKX AAXLRRNEIIXAREIFIRBXEAT IS XS NN N X AR K SRS XS R R &/
/23493383 T R AN S I T 1 CN e 2 0 wr 4 2 sEExEXEE/
ARE R R R R R R R R R P P P PR Y RIS TR VS
S=c & CT=0 ) | S=4) & VXIDNI TFHEN CC;

-~

- T
Zilvlhagc~
«CTm -
7IX X
- N
C =~
N XX [

NnOn-..

CCUREL*ISKIP; =/
CCLRED')SKiIPi=x/

NS
* % -
Z2ZOrm=TMarm—e-C g
cencC

oCcecum
es®e o

~ N
AN
onN

nm

VAR R EE 2 ET S R R R R R R R R R R R R R R R E R E YRRt SRR 74

/adsekxkx T R A N € | T I C N 2 4 ExXEEkxR AR/

/AR A RS AIFIRAEI LA A5 4 AP I AR AN ARV IR e SRR R RN AR/
» CT=C TreN OC;:

—
-

- -t
nIYr

GCTC ACH;
Ne TREN JCi=1

>
~mOe=0Cm

nmIwMNeC

RICL)=*SCrY) & ((H» “
* 4 MG=*FAIL ") TE=EN NC

W~ e X
-JF‘

eewllCQO~r —-.
2 W

C U4
C e a~a"Znucn
a

..;ﬂkll*—"ﬂlr X NN

-~

~
C
2
/=P
v

eN
2 NL




lF 5=4 4
wCli=u,
uq K=1

LF sS=3 &
4= s JdE
Ou K=1
IF Fl(x
TREN L4
IF ~I(K
=NC s

IF JE=
PUT L

"
cCosce
-0 0C
e

~e. CTTOZO0=0OT

e
e

e -y

u
N Ty

O e T o
e

N g o
K =~

N

#*
rrpetnyCZ2Y
CCT U U~2in

L& Z70C =l ™=l
e 0

GCTC

m
k4
v

UrPLATE

AU AOZM e T (e
LG = 7 N -

cRerY =0

Ot oo T

- 144 -

72343 401334433083 088388k ERCR/
/9%dds9d C F A N C E q 19998 %%/
VAT I EREREREE AR R ERRR SRR R R 2 V4

“T=0 Tren D]

1 4 FLIIL)I=*SCN®') & ((MG='MSC®* & D=INF)|(MG=*FAIL"))

.3 .
CHANGE 4 CCCUREC',U)5KIF %/ GCTO FSM;

/AR IRBEERBEAB I P IRBRXBEXBESE R A AL RREXRBEEE R KR/
/4dd44%s3%s T AN S 1 T I 3N 3 2 skxxzxEx/
VAT St R R R EEREE R AR R R ERREERER RS2 VY
MXI>NI THEN CC:

=J 3

TRy

)= 'UF ' &4 MXI=NIK(K) & CIK(K)~=[NF
=1

)ZVECAY TREN JE213

TFEN CCo

=0 | Ci~=INF TFHEN CC;
IST('CCNTRADICTICN TN FACT Z2')SKIP;
ENDOL1
COCO

1 TC NS

[(K)='uP* & NIK(K)=vMXI TFHEN CC3
=MIN(CI1+,0IK(K )

Clz<CI1l THEN FI=K;,

=Dlcs

= OSUNT'

('"‘Jo

ST(*TRANSITICN 322 CCCURECY)EKIFIx/
5M

2,

=1CCOC

K=1 T3 N,

FI(R)=WP* & NIK(K)=MXT TFEN DI=MIN(DIOIK(K))
Ul

=Lll;

=13

Zs

TJ FsSM

=[NF

M= "MSG! THEN Nl=Mm g

(L)="NIL"

<4

=13

TS E5p 3§

/ésdxgsdr © | £ C K [ N G 438040/

TeeEN CCs

! TC N§

(K)=0LF*' 4 NIK(K)=MXT 4 MxIDONI &8 DIK(K)~=[NF THEN Du.:
IST('E R K C R
LCE MUST HAVE LEFT S20',J)<SKIF;




FQ N

CL k=l

IF FI(K)='P' 4 NIK(K)==Nl TFHEMN J1=1;
LF FI(KR)='WF' & DIK(K)L=CI TFrEN J2=1;
IF RI(K)S*SCN' & CIK(KE)=INF TFHEN J32=1;
ENU ¢
IF NI=wMX] & Jl=u & J2=1 & J3=C TFHEN CO:
PLT LIST('E K R C R
THe NQCE MULST FAVE LEFY S29',3))<SKIP;
END,
=ND ;s
1F 5=4 & MXI>NI TFHEN CCs
Jl=Ciuc=¢C,
OC k=1 TO N
I RI(KIS*SOCN®Y TFHEEN IF FI(K)a=tydPe® THEN JYl=1]
IF RI(K)=*SCN' THEN IF (NIK(K)=~=wX] | CIK(K)
TrEEN J2=1, P
ENO ¢
IF 01=C & ue=0 THEN CC,
PUT LIST('E R ~ C K
Tme NCCE MLST FAVE LEFY S4°¢,J)SKIP;
ENOs
=ND 3§
=Nul . .
IF L=3 THSN GCTC WMESCHA S
“=L+)

wLTC MNEL

MESCFA: IF MG='M35G' THEN GCTN NCHA;
MGEORSSY
GJTC DE
UCHa: LIF O=2INF  THEN GCTC NCHAS
C=INF ;
¢CTQ CE;
MCHA: IF M=€ THEN GCTC SCcCHaA;
MNSMES S
GCTC AUM;
LCeCra: IF RI1(2)=4SCMNY THEN GCTC S01CHA;
RIL(Z)I=*SINT;
CCTC SCN2;
SULLHAS IF RI1(1)=*SON® TFEN OCTEL CCCRAG
RILCL)=*SCN';
‘' GUTC SCA1;
CCCHA: IF C1=INF TREN GCTN SChA:
C1=INF;
GCTO CeL;
sCra: IF S124 THEN GCTC N3CHA;
S1=S1+1;
GCTC STA;
H2CHAl IF NLI(Z)OMAL TREN GOTC NZCrAj
IF N1(2)=¢ THEN GCTG NZCHa4;
[F N (2)=6 Th=N N1 (3)=6;
IF N1(2)=0 TFEN MN1(2)=4;
GCTC N13;
N2LHAT IF N1(Z)DMX1 TFEN GCT) NICHA
IF N1(2)=o TFEN GCTO NICKHA&;
IF N1(2)=4 THEN M1 (2) 26}
IF N1(2)=0 TREN N1(Z)=a3
COTC N2
“lCkA: 1F NLCL)>MX1 THEN GCTC MXCHA
[F N1(1)=6 THEN GCTC MXCHo;
IF N1C1)=4 TFEN NI(1)263
IF NL(1)=0 TFEN MLC1)=a;
GCTC N113
Ma.FA: IF WX1=o THEN GCTC FICFA;
Mrl=cC,
GCTGC ~Ma
F3LHAL

SANUMK IEND Mk
eNO MOSHE

=[INF)
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